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Abstract

This research was conducted within the framework of the SpaceDrive project funded by
the German Aerospace Center to develop propellantless propulsion for interstellar travel. The
experiments attempted to measure mass fluctuations predicted by the Mach-effect theory
derived from General Relativity and observed through torsion balance measurements by
Woodward (2012). The combination of such mass fluctuations with synchronized actuation
promises propellantless thrust with a significantly better thrust-to-power ratio than photon sails.
Thus, experiments using different electromechanical devices including the piezoelectric Mach-
effect thruster as tested by Woodward et al. (2012) were pursued on sensitive thrust balances.
The tests were automated, performed in vacuum and included proper electromagnetic
shielding, calibrations, and different dummy tests. To obtain appropriate driving conditions for
maximum thrust, characterization of the experimental devices involved spectrometry,
vibrometry, finite element analysis, and circuit modeling. Driving modes consisted of sweeps,
resonance tracking, fixed frequency, and mixed signals. The driving voltage, frequency, stack
pre-tension, mounting, and thruster orientation were also varied. Lastly, different amplifier
electronics were tested as well, including Woodward’s original equipment.

Experiments on the double-pendulum and torsion balances with a resolution of under
10 nN and an accuracy of 88.1 % revealed the presence of force peaks with a maximum
amplitude of 100 nN and a drift of up to 500 nN. The forces mainly consisted of switching
transients whose signs depended on the device’s orientation. These force transients were also
observed in the zero-thrust configurations. No additional thrust was observed above the
balance drift, regardless of the driving conditions or devices tested. In addition, finite element
and vibrometry analysis revealed that the vibration from the actuator was transmitted to the
balance beam. Moreover, simulations using a simple spring-mass model showed that the
slower transient effects observed can be reproduced using small amplitude, high-frequency
vibrations. Hence, the forces observed can be explained by vibrational artifacts rather than the
predicted Mach-effect thrust.

Then, centrifugal balance experiments measured the mass of a device subjected to
rotation and energy fluctuations, with a precision of up to 10 ug and a high time resolution. The
measurements relied on piezoelectric- and strain gauges. Their calibration methods presented
limitations in the frequency range of interest, resulting in discrepancies of up to 500 %.
However, the tests conducted with capacitive and inductive test devices yielded experimental
artifacts about three orders of magnitude below the mass fluctuations of several milligrams
predicted by the Mach-effect theory. Although the piezoelectric devices presented more
artifacts due to nonlinearity and electromagnetic interaction, all rotation experiments did not
show the expected dependence on the rotation frequency.

In summary, the search for low thrust and small mass fluctuations consisted of challenging
experiments that led to the development of innovative and sensitive instruments, while
requiring a careful consideration of experimental artifacts. The results analysis led to the
rejection of mass fluctuations and thrusts claimed by Woodward’s Mach-effect theory and
experiments. The quest for breakthrough space propulsion must thus continue a different
theoretical or experimental path.



Abstrakt

Die Arbeit wurde im Rahmen des vom Deutschen Zentrum flr Luft- und Raumfahrt finanzierten
SpaceDrive-Projekts zur Entwicklung eines treibstofflosen Antriebs fur interstellare Reisen
durchgeflhrt. Bei den Experimenten wurde versucht, Massenschwankungen nachzuweisen, die in
der von Woodward (2012) abgeleiteten Mach-Effekt-Theorie vorhergesagt und mit
Schubmesswaagen beobachtet wurden. Die Kombination synchronisierter elektromechanischer
Ansteuerung und solcher Massenfluktuationen solle treibstofflosen Schub mit einem deutlich
besseren Schub-Leistungs-Verhaltnis als Photonensegel erméglichen. Daher wurden Experimente
mit verschiedenen elektromechanischen Vorrichtungen, einschlielllich des von Woodward et al.
(2012) getesteten piezoelektrischen Mach-Effekt-Triebwerks, an empfindlichen
Schubmesswaagen durchgefiihrt. Die Tests waren automatisiert, wurden im Vakuum durchgefiihrt
und beinhalteten Kalibrierungen und verschiedene Dummy-Tests. Um geeignete
Antriebsbedingungen flir maximalen Schub zu erhalten umfasste die Charakterisierung der
Versuchsgerate Spektrometrie, Vibrometrie, Finite-Elemente-Analyse und Schaltkreismodellierung.
Die Ansteuerungsmodi bestanden aus Sweeps, Resonanzverfolgung, Festfrequenz und
gemischten Signalen. Auch die Ansteuerungsspannung, die Frequenz, die Vorspannung, die
Verstarkerelektroniken, die Halterung und die Ausrichtung des Triebwerks wurden variiert.

Bei den Experimenten an den Doppelpendel- und Torsionswaagen mit einer Auflésung von
unter 10 nN und einer Genauigkeit von 88,1 % traten Kraftspitzen mit einer maximalen Amplitude
von 100 nN und einem Drift von bis zu 500 nN auf. Die Krafte bestanden hauptsachlich aus
Schalttransienten, deren Vorzeichen von der Ausrichtung des Gerats abhingen. Diese
Krafttransienten wurden auch in den schubfreien Konfigurationen beobachtet. Unabhangig von den
Antriebsbedingungen und den getesteten Geraten wurde kein zusatzlicher Schub Uber dem Drift
hinaus beobachtet. Daruiber hinaus ergaben Finite-Elemente- und Vibrometrie-Analysen, dass die
Schwingungen des Antriebs auf den Waagebalken tbertragen wurden. Darliber hinaus zeigten
Simulationen unter Verwendung eines einfachen Feder-Masse-Modells, dass langsamere
transiente Effekte durch hochfrequente Schwingungen mit kleiner Amplitude reproduziert werden
kénnen. Daher kénnen die beobachteten Krafte auf Vibrationsartefakte anstatt den vorhergesagten
Mach-Effekt zuriickgefiihrt werden.

Anschlielend wurde in Zentrifugalwaagenexperimenten die Masse einer Vorrichtung, welche
Rotations- und Energieschwankungen ausgesetzt ist, mit einer Genauigkeit von bis zu 10 ug und
einer hohen zeitlichen Auflésung gemessen. Die Messungen stitzten sich auf piezoelektrische
Sensoren und Dehnungsmessstreifen. Deren Kalibrierungsmethoden wiesen in dem relevanten
Frequenzbereich Grenzen auf, was zu Abweichungen von bis zu 500 % flihrte. Die mit kapazitiven
und induktiven Testgeraten durchgefiihrten Versuchen ergaben jedoch experimentelle Artefakte,
die etwa drei GréRenordnungen unter den nach der Mach-Effekt-Theorie vorhergesagten
Massenschwankungen von mehreren Milligramm lagen. Trotz gréRerer Artefakte aufgrund von
Nichtlinearitat und elektromagnetischer Wechselwirkung in den piezoelektrischen Vorrichtungen,
zeigten die Messungen nicht die erwartete Abhangigkeit von der Rotationsfrequenz.

Die Suche nach geringem Schub und kleinen Massenschwankungen bestand aus
anspruchsvollen Experimenten, die zur Entwicklung empfindlicher Instrumente flhrten und
gleichzeitig eine sorgfaltige Berlcksichtigung experimenteller Artefakte erforderten. Die Analyse
der Ergebnisse fiihrte zur Ablehnung der von Woodwards Mach-Effekt-Theorie und -Experimenten
behaupteten Massenschwankungen und Schiibe. Die Suche nach einem bahnbrechenden
Raumfahrtantrieb muss daher auf einem anderen theoretischen oder experimentellen Weg
fortgesetzt werden.
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CHAPTER 1: INTRODUCTION

1. Introduction

1.1 Research Motivation

Humans have looked up to the stars for orientation, for answers on the origin of the
universe, or in search of other life-harboring systems, however, despite improving observation
techniques their reach still seems to elude us. The main reason is that even the closest stars
are simply too far away. For a rendezvous mission to the nearest star within a human lifetime
using current propulsion technology would take an amount of propellant significantly greater
than the mass of the entire visible universe [1]. The conventional method of propulsion relies
on ejecting fuel and using its ‘lost’ momentum to move forward according to Tsiolkovsky’s [2]
equation, derived from Newton’s[3]action-reaction principle. The efficiency of different
propellants can be characterized by their exit velocity or specific impulse [4]. Whereas jet fuel
engines used in launchers such as the Saturn V have a theoretical limit of 500 seconds in
specific impulse, ion thrusters using electrostatic propulsion are limited to about 10,000
seconds [5]. Only with a concept employing the products of fusion or anti-matter reactions can
the specific impulse reach around 60,000 seconds, resulting in the propellant requirement
amounting to the mass of the Earth in order to reach Proxima Centauri [6].

Solar propulsion and laser beam propulsion are propellantless methods that could be
interesting candidates for interstellar propulsion. However, both methods are characterized by
a very low thrust-to-power ratio, equal to at most two over the speed of light [7]. Also, the thrust
being proportional to the sail area, a significant acceleration or payload capacity would only be
achieved with sails reaching astronomical proportions. Furthermore, beamed propulsion
presents many challenges that remain to be solved in terms of thermal management, pointing
accuracy, enormous Earth- or orbit-based laser installations, and critical material strength and
durability for sails [8]. Solar propulsion presents the additional disadvantage of depending on
photon energy density, making it efficient only in the vicinity of large stars. These weaknesses
strongly indicate the need for a paradigm shift for interstellar ventures, and the need for a
breakthrough in space propulsion. This thesis is the result of an experimental journey to
discover that.

While different concepts of propellantless propulsion have been brought forward by
physicists over the past few decades, all depend on exotic physics that has not been supported
by experimental evidence. Alcubierre’s warp drive is an example of a means of propulsion that
relies on negative energy to create a bubble around the passengers that modifies the metric
of spacetime to provide forward motion [9]. Forward’s theoretical concept of propulsion relies
on negative mass to provide acceleration [10]. Some scientists are convinced of a method of
exploiting the quantum vacuum to generate propulsion by amplifying the dynamic Casimir force
[11]. These ideas and several more have been investigated by experimental programs in the
United Kingdom, under the Greenglow Project [12], and in the United States, through the
Breakthrough Propulsion Program in the ’90s [13]. While offering different insights and
improving measurement methods, the projects were not successful at developing any
readiness level for the technologies investigated. Among them, were Shawyer's EmDrive [14],
Millis’ Diametric Drive [13], Podkletnov’s Superconducting Beam [15] and Woodward’s Mach-
effect Thruster (MET) [16]. The SpaceDrive Project [17] at the Technical University of Dresden
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(TUD) funded by the German Aerospace Center (DLR) was Germany’s first project of a kind,
active from 2017 to 2021, which aimed at pushing the investigation of the MET, EmDrive, and
other breakthrough propulsion ideas a step further.

1.2 Objectives

The phenomena that still cannot be explained by known physics hint at undiscovered
physics and include the rotation rate of spiral galaxies, the origin of inertia, the existence of
dark energy and dark matter, the nature of vacuum, the graviton, and disparities between
General Relativity and quantum field theory [18]. Despite the presence of alternative theories,
fundamental experiments often require vast quantities of energy that cannot be obtained in a
laboratory on Earth. One of the testable propulsion concepts, described in Woodward’s book
[16], proposes to use of a version of Mach’s Principle in generating a mass fluctuation and
combining it with a simultaneous actuation to provide forward motion. This concept is
embodied in a table-top experiment that predicts measurable thrust [19]. The so-called Mach-
effect has been an unsolved mystery that explains the origin of inertia as being the connection
of local matter to the distant matter in the universe; it relies on a universal inertial frame that
would be explained by Einstein’s cosmological constant [20].

This thesis examines the Mach-effect concept, mass fluctuation measurement, and the
possibility of generating thrust using a combination of mass fluctuation and an oscillating
actuator. First, by performing multiple experiments with Woodward’s devices using sensitive
thrust balances in vacuum, different electromechanical artifacts will be investigated. Then, the
mass of test devices undergoing energy fluctuations will be monitored using piezoelectric
sensors on a centrifugal force balance. Thus, although the main objective is to examine the
claim of thrust coming from the Mach-effect, improving measurement accuracy and deepening
the understanding of the phenomena appearing in low force measurements are also key. The
work serves in supporting the quest for breakthrough propulsion with solid testing and analysis,
and contribute to improving the force measurement techniques for space propulsion. The
objectives of this research were in line with the SpaceDrive project initiated by Prof. Tajmar,
having for goal the testing of different fringe theories for space propulsion and developing
precise measuring instruments for forces.

1.3 Content Overview

Chapter 2 lays the theoretical foundation for the experimental investigation. A summary of
the literature demonstrates the limits of current space propulsion and exposes the current
understanding of the Mach-effect and transient mass propulsion. The theory behind the
Woodward thruster is summarized, followed by a critical assessment of the experimental work
performed with similar devices. Finally, an overview of force and mass measurement in the
literature sets the stage for the balance experiments to discover mass fluctuation effects.

Chapter 3 constitutes a complete electromechanical characterization of all parts of the
experimental setup ranging from the vacuum chamber to the piezoelectric sensors and the
thrust balances. Most test devices are based on a piezoelectric ultrasonic actuator; thus, the
concept is examined from its basic constituents and relevant piezoelectric properties. The bulk
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of the characterization then consists of impedance spectra, finite element method (FEM),
circuit modeling, vibration measurements, and voice coil tests. Non-linear effects are examined
in detail as well. The chapter also leads to concrete predictions of the effect to be measured
according to Woodward'’s theory.

Chapter 4 contains key results from thrust balance experiments including dummy,
magnetostrictor, and MET tests. The results show force, applied voltage and temperature
curves, and beam vibrations for different driving parameters. Each subsection includes a
discussion that focuses on the experimental artifacts and the sources of error.

Chapter 5 then focuses on the experiments with the centrifugal balance, in an attempt to
directly measure the mass fluctuations. The design of the test devices, the sensor calibration
methods, and the sources of error are also described in that chapter.

The findings are summarized in Chapter 6, where the intimate connection of the different
units in an electromechanical system and their influence on the system resonances and
experimental artifacts is shown. Realizations from the characterization tests, thrust balance,
and centrifugal balance experiment results are combined to reach the conclusion.

1.4 Team Work

The SpaceDrive project kicked-off on April 15, 2017, and was negotiated between DLR
and Prof. Tajmar, who supported and led the research efforts described in [17]. The project
(50RS1704) was funded by the German Federal Ministry for Economic Affairs and Energy.
The other team members were Dipl.-Ing. Jorg Heisig, Dipl.-Ing. Matthias K6Rling, Dipl.-Ing.
Oliver Neunzig, Dipl.-Ing. Willy Stark and Dipl.-Ing. Marcel Weikert, as well as a few master
students. Matthias Kofling was responsible for the design, assembly, testing, calibration, and
fine-tuning of the torsion balances (TB), on which we conducted most of the MET experiments.
The joint effort led to several conference publications [17,21,22] and journal publications
[23,24]. Oliver Neunzig was responsible for the design, assembly, calibration, and testing of a
double-pendulum thrust balance as well as a levitating rotation thrust balance. The double-
pendulum balance was used mostly for the EmDrive and laser resonator experiments
conducted by Marcel Weikert, which also led to several publications [25-27]. The author
conducted a few tests with the MET on the double-pendulum balance as well, leading to a
conference publication [28]. Willy Stark designed, assembled, calibrated, and tested the
centrifugal balance, and the joint effort with the rotating Mach-effect investigations has led to
a recently submitted publication [29]. Prof. Tajmar also took care of the LabVIEW software
logistic behind the experiments, enabling communication with all laboratory devices and
automation of the vacuum chamber experiments. Jorg Heisig, the group’s electrotechnician
and systems administrator, assisted the experiments by assembling, testing, and repairing the
electrical devices used, such as filters, amplifiers, computers, and diverse communication
devices. The author was in charge of all Mach-effect investigations involving torsion, double-
pendulum, and centrifugal balance tests, viborometry, FEM, spectrometry, and the design of
test devices. These experiments, however, would not have been possible without the
collaboration of the engineers mentioned above. Additionally, computational resources were
made available by the High-Performance Computing and Storage Complex of the TUD for the
numerical analysis using ANSYS. Further characterization tests of the piezoelectric devices
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were also made possible by the Fraunhofer IKTS in Dresden, allowing the author’s use of an
impedance spectroscope, as well as an electrodynamic testing machine from the Institute of
Building Construction (TUD) for the dynamic calibration of sensors.

Last but not least, the SpaceDrive research team had the invaluable opportunity to
collaborate with Prof. James F. Woodward, the initiator of the Mach-effect experiments, and
his collaborator Prof. Hal Fearn of the California State University, Fullerton (CSUF). The
collaboration involved the team’s participation in two Advanced Propulsion Workshops in
California [30,31], the exchange of equipment and ideas, a visit to the CSUF laboratory, as
well as Hal Fearn’s visit to the TUD laboratory and supervision of experiments.
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2. Literature Review

2.1 Fundamentals of Space Propulsion

Propulsion in space represents a great challenge due to the lack of a medium to push off
from. Unlike cars that push off the road to drive forward or submarines and airplanes that
propel themselves forward using their turbine blades to push off the surrounding water or air,
spacecraft cannot push off the surrounding vacuum. Well below the Karman line, the highest
altitude records for non-rocket-powered airplanes were set at around 37 km due to the inability
to generate enough lift using their engines [32]. At an altitude of 100 km, the surrounding
atmosphere already drops to a pressure of 3-10~* mbar (31072 Pa) where the average
mean-free-path of an atom (MFP), defined as the mean distance traveled by an atom before
its next statistically possible collision with another atom, is greater than 10 cm compared to the
mere 70 nm at ground level. In interstellar space, far enough from the solar system, the
atmospheric pressure figuratively drops below 10712 mbar (101° Pa) with an MFP greater
than 10,000 km. Thus, pushing against atoms in interstellar space seems out of the question.
What else is there in interstellar space? An overview of the constituents, number and energy
densities is sketched in Table 1. Interstellar space consists of different regions containing
galaxies, clusters and clouds, but in the mean interstellar medium, most of the particles are
gas particles at 99%, and dust at 1% by mass; by number, 91% of the atoms are hydrogen
mainly in molecular form, 8.9 % helium, and 0.1% heavier atoms [33]. Depending on the
regions of the interstellar medium, like molecular clouds, warm neutral, or warm ionized
medium, the density and state of the hydrogen atoms may vary. Propulsion using interstellar
atoms has been the subject of a futuristic propulsion concept, the Bussard Ramjet, which
represents many engineering challenges [13,34]. Neutrinos are interesting since some of them
contain a large energy density — the most numerous as observed from Earth, for example,
come from the sun with an energy of 10 MeV [35] — however, they do not participate in any
electromagnetic or strong nuclear force reactions and only interact through the weak force
interaction. Vacuum energy can be thought of as quantum vacuum fluctuations or as the
creation and annihilation of any number of virtual particle pairs, however, whether these can
be used for propulsion, and what the exact energy density is, remain a mystery [11,13].

. Number Density Energy Density
Constituent [ppcm?] [eViem?]
Hydrogen Atoms [33] 107* —10° 105 — 1015
Neutrinos [35,36] 1075 — 102 4-10"% - 1012
Cosmic Radiation [37] 2 1
Background/Photons 41-10 26-10
V E 13

acuum Energy [13] 10-% — 10+ 4-103 or 10~ — 6 - 10125

[Virtual Particles

Table 1 — Constituents of Interstellar Space



CHAPTER 2: LITERATURE REVIEW

The extremely low number density of the interstellar medium constituents useful for
propulsion compared to the 10*° particles per cubic centimeter at ambient pressure on Earth
should explain why conventional spacecraft have to bring their propellant on board and expel
it to provide forward momentum. Below is a derivation of Tsiolkovsky’s [2] rocket equation
which explains how the forward momentum arises from expelling fuel to the back. The
existence of a forward force depends on the conservation of momentum.

Equation (1) shows the momentum conservation for a closed system, with mass m and
velocity v, where an external force F results in a change in momentum over a time step dt:

- d
F=—(mv) : (1)
The rocket equation is derived from the conservation of mass and momentum, by
considering the system that includes the rocket of mass M and velocity v and its propellant of
mass dm and exhaust velocity v,, a moment of dt seconds after ejection. For this derivation,
external influences like drag or gravity are neglected. The closed system is shown in Fig. 1.

t=0 t=dt

dm
M V<—-=eQ # M-dm |v+dv<—@ B>Ve

Fig. 1 — Rocket Equation Diagram

The following equality results from the conservation of momentum by considering all parts
of the system above in the absence of external forces acting on it, thus, F = 0 and

0=MWM —dm)(v+dv)+dm(v—v,) —Mv , (2)
Mdv = —v,dm . (3)

The small, higher-order term dmdv was neglected. The conservation of mass leads to:
dm = —dM, and the integration of both sides, assuming v; = 0 since the inertial frame is
traveling with the rocket, is performed as follows:

A‘/1d MfldM 4
Jy we= ], w - @

The drag and gravity-free rocket equation is obtained below:

My
Av =v,In (ﬁl) , (5)
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whereas the formula for thrust is obtained by considering the momentum conservation of either
the vehicle being emptied, or in this case, the ejected propellant separately:

Fdt = vedm , (6)
F = v,m . (7)

The delta-v (Av) budgets for different space missions can then be examined to provide a
reference for the exceptional requirements for interstellar space missions in terms of energy
demand. Typical values have been summarized in Table 2.

Mission Av Budget [m/s]
East-West Station-Keeping Maneuver 5
Atmospheric Drag Offset 1,200
Orbit Transfer LEO — GEO 3,900
Earth-Mars Transfer 5,594
Slow Interstellar Trip to Proxima Centauri 30,000,000

Table 2 — Typical Delta-V Budgets [5]

Finally, the amount of fuel carried for a typical Earth-Mars transfer mission is obtained for
different types of engines using Equation (5) and the exit velocity or specific impulse of these
engines. The specific impulse of air-breathing machines is compared to other types of
propulsion in Table 3, given in seconds as per Equation (8) below. It is a good indication of the
engine's efficiency in terms of the thrust produced per fuel consumption:

F oV,

_Thgo_%

Isp (8)

Time requirements in space missions also place a lower limit on the necessary level of
thrust, which is dependent again on the mass of the spaceship including the propellant tanks
[6]. Table 3 also shows the amount of fuel mass needed for a fictional 1000 metric ton
spacecraft to accomplish a one-way rendez-vous mission to Alpha-Centauri in about 40 years,
amounting to 30,000 km/s in Av [1]. The calculations do not take into account relativistic effects,
any thrust limitations to provide the required acceleration despite high start masses, or the
general engineering feasibility of the propulsion system that includes thermal load
management, tank structure, power supply requirements, canalization of the exhaust products,
and many more challenges [38].
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Engine Type Specific Impulse Thrust Exit Velocity Fuel Mass

[s] [N] [km/s] [t
Air-breathing [4] 1,000-8,000 <1.6-10° 0.6 N/A
Chemical Rocket [5] 300-450 <1.3-107 4.4 102914
FEEP Thruster [5] 8,000-12,000 1073 - 10 100 10133
Antimatter Rocket [5] 60,000 ~102 600 5-10%*

Table 3 — Specific Impulse and Fuel Consumption for a Slow Interstellar Trip

Thus, an idea to circumvent this type of propulsion regroups solar sails and magnetic sails
[39], which use radiation coming from the sun, or beamed propulsion [40], which uses
concentrated radiative energy from man-made lasers. These propulsion methods also entail
certain disadvantages and limitations, such as low thrust efficiency, the need for absurdly large
areas of heat-resistant material for the sails to provide significant thrust, and the requirement
of proximity to a star or a powerful laser (TW) with great pointing accuracy on Earth [41]. Other
possibilities for propulsion including warp drives, warp bubbles, and diametric drives might be
realizable theoretically, however, the concepts rely on large negative energy densities without
the means to generate them [9,13]. Negative energy density and effective mass have been
used to explain phenomena such as the Casimir effect [42], however, Forward’s idea [10] relies
on negative mass that has never been measured directly [43].

Another possibility to provide forward momentum using Newtonian mechanics without
having to carry propellant would be to use oscillations in mass. This idea is investigated while
examining the conservation of momentum for a device undergoing mass oscillations floating
in free space like in Fig. 2. In this figure, two masses m; and m, are connected by an
electromechanical actuator with spring constant k, but it could also be an electromagnetic link.

X2

F21 Fi2
< m1 m2 e

Fig. 2 — Two-Body Interaction [44]

If a force F,, is imparted to the actuator to push both masses apart, considering the
conservation of momentum used in Equation (1), Newton’s action-reaction law results in any
case in the following:

mljél = —m25€2 . (9)
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If both masses stay constant, the conservation of momentum equation for the system of
two masses and a spring without external force yields a trivial solution: the system of masses
oscillates about a reference point, but no absolute motion is gained and the momentum is
conserved, as shown in Equation (10):

However, if mass m, undergoes a transient mass variation by some mechanism, Wanser
[44] suggests that the formulation of the conservation of momentum above does not apply to
that system. Instead, the more general second law of Newton needs to be considered.
Equation (10) becomes:

E(m'l_}) = mzxz + m15€'1 + mzjéz ) (1 1)

and using Equation (9), Equation (11) becomes:

%(mﬁ) = MyX, . (12)
Thus, the momentum for the system of the two masses is not conserved. Instead, one
must consider that the system of variable masses includes mass transfer in and out of the
system, in other words, the two-body problem is not a closed system. Next, the acceleration
of the center of mass of such a system is examined, assuming that mass m, undergoes a
mass fluctuation and x, = 0, m,; = 0 and m, = 0. The equation for the center of mass is:

o =X 13
M omy+m, (13)
Differentiating twice with respect to time, and making good use of Equation (9):
L 2R, mympxy — 2mp(myXy +mpXy) | 2myxgmh3 (14)
Fem = my +m; (my + my)? (my +my)3 ’
Assuming m; >» m, , the equation can be simplified to:
Ko = — (15)

my m?

The derivation shows that if mass oscillations were made possible, a forward acceleration
of the whole system is possible. In theory, the specific impulse is infinite, since it depends on
a different physical mechanism than the propulsion governed by Tsiolkovsky’s equation [2].
The generation of force solely depends on the amount of energy available and the thrust-to-
power ratio n shown by Equation (16):

F
=—_ . 16
nr P (16)

The additional requirement for efficient interstellar travel is then to have a thrust-to-power
ratio greater than solar or beamed propulsion, which is true only if mass fluctuations can be
generated more efficiently than using Einstein’s mass-energy relationship E = mc?. This has
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been promised by Woodward, claiming an observed thrust to power ratio of the order of 0.1 to
10 mN/kW [16] compared to the photon rocket’s 3.3 uN/kW. On one hand, Higgins [45] has
demonstrated using relativistic considerations that any propellantless space drive with a thrust-
to-power ratio greater than a photon rocket would lead to a perpetual motion machine thus,
violating the known laws of thermodynamics. On the other hand, Sedwick and White [46] have
shown several possibilities for spacedrives to exist without violating energy conservation.

Lastly, the derivation above is only possible if Equation (11) can be used for this variable
mass system. However, it is not always the case. In the event of an isotropic mass loss, for
instance, the contribution to the forward momentum is known to be zero [47]. Similarly, if the
system’s mass is lost perpendicularly to the motion, the velocity is not influenced. An example
to illustrate this point is by considering a cart full of sand that is traveling on tracks while losing
sand through a crack in the cart; its velocity along the tracks is not modified by the falling sand,
even though the weight of the cart is gradually reduced. An oscillation in mass, however, could
introduce new possibilities and open a path for new theories of physics.

2.2 Mach’s Principle

“You are standing in a field looking at the stars. Your arms are resting freely at your side, and you see
that the distant stars are not moving. Now start spinning. The stars are whirling around you and your
arms are pulled away from your body. Why should your arms be pulled away when the stars are
whirling? Why should they be dangling freely when the stars don’t move?”

- Steven Weinberg [48]

Mach’s Principle is an idea attributed to Ernst Mach that is widely known to have influenced
Einstein’s development of his General Relativity Theory (GRT), a theory that can be
summarized by Equation (17), and the most successful theory in predicting behavior of
phenomena on the astronomical scale [49]. The equation shows how the spacetime geometry
of the universe, expressed by the Einstein tensor G, on the left-hand side, is shaped by matter
as expressed by the stress tensor on the right-hand side T,,,, where G is the universal
gravitational constant, ¢ the speed of light, A the cosmological constant, R, the Ricci
curvature tensor, R the Ricci scalar and Juv> the metric tensor:

1 8nG
ij =Ruv+<A_§R>guv :771“, . (17)

In 1918, Einstein stated his principles of GRT [49]:

“1. The principle of relativity as expressed by general covariance.

2. The principle of equivalence.

3. Mach’s principle: ... that the g,, are completely determined by the mass of bodies, more
generally by T,,".

The first statement requires that the physical laws take the same mathematical form in all
coordinate systems. The second statement requires that the gravitational and inertial masses
are the same. The third statement involves Mach’s Principle and has several definitions and
interpretations. One broad statement on Mach’s principle from Stephen Hawking [50] is: “local

10
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physical laws are determined by the large-scale structure of the universe”, whereas Albert
Einstein’s interpretation of Mach'’s principle was summarized by “inertia originates in a kind of
interaction between bodies”, which manifested itself in the Lense-Thirring or frame-dragging
effect predicted by Einstein in 1912 [51] and experimentally observed with an uncertainty of
19% by the space experiment Gravity Probe B in 2005 [52]. A list of different interpretations of
Mach’s Principle was summarized by Bondi et al. based on the literature on General Relativity
and is shown in Table 4, giving the reader an appreciation of how inspiring the original thought
was and still is [53].

Mach 0 The universe, as represented by the average motion of distant galaxies, does not appear
to rotate relative to local inertial frames.

Mach 1 Newton’s gravitational constant G is a dynamic field.
Mach 2 An isolated body in otherwise empty space has no inertia.
Mach 3 Local inertial frames are affected by the cosmic motion and distribution of matter.

Mach 4 The universe is spatially closed.

Mach 5 The total energy, angular and linear momentum of the universe are zero.
Mach 6 Inertial mass is affected by the global distribution of matter.

Mach 7 If you take away all matter, there is no more space.

Mach 8 The theory contains no absolute elements.

Mach 9 Overall rigid rotations and translations of a system are unobservable.

Table 4 — Definitions of Mach’s Principle [53]

An embodiment of Mach’s Principle was provided by Sciama [20], who was puzzled that
Einstein’s field equations included inertial properties for a single particle in an empty universe,
and he showed that local inertia arose from the interaction with distant matter using an
electrodynamic analogy to the gravitational field. However, Sciama’s theory [54] did not end
up passing the test of local invariance. Other theories of gravity have involved a stricter
consideration of Mach’s Principle, such as the Brans-Dicke theory [55], and the Hoyle-Narlikar
[56] theory of gravity, both did not end up being as successful as GRT in predicting
astronomical phenomena. The Brans-Dicke’s [55] scalar-tensor theory of gravity suggested
that the universal gravitational constant actually depended on the distribution of mass in the
universe about the point where it is measured. Féppl [57] was also inspired by Mach’s Principle
and believed that the existence of inertial frames of reference would have observable effects
on gyroscopes; his experiments, however, did not demonstrate that effect. Hofmann’s [57]
ideas also point to a relationship between a rotating body and the surrounding masses to be
at the origin of the centrifugal force. Nordtvedt [58] is another physicist claiming that the
gravitomagnetic effects observed in nature in the form of orbital motions are a result of Mach’s

11
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Principle. Fearn [59] and Rodal [60] recently revisited Hoyle-Narlikar’s [61] conformal theory
and obtained an expression for inertial induction, or an action-at-a-distance being responsible
for the resistance to acceleration. Ultimately, Woodward’'s[62] derivation is a modern
interpretation of Mach’s Principle, specifically supported by Sciama’s [20] result and the work
of others stated above, that provides hope for measurable experimental evidence of mass
fluctuations for the use in promising space propulsion. The derivation is examined in the next
section.

2.3 Woodward’s Mach-effect Theory

“[...] the origin of inertia is and remains the most obscure subject in the theory of particles and fields.”

- Abram Pais [49]

2.3.1 Derivation of the Mass Fluctuation Equation

Inspired by Sciama’s [20] derivation of the origin of inertia in his paper from 1952,
Woodward [62] went on to apply the same principle using a linearized version of Einstein’s
theory of gravity. His derivation [16] is revisited in full detail below with a few extra steps to
lead to the final equation available in the reference material, along with a list of assumptions
that are discussed further.

1. Consider the acceleration of a small test object with rest mass m,, by an external force

Fox In @ universe of constant and homogeneous matter density. Newton’s laws are
applied and the change in momentum dP over time dt is obtained:

- -> dP
F=-myd=—Feyy =——— - (18)

2. Lorentz invariance is imposed using 4-dimensional vectors (space, time) to ensure
correct time-dependence. This is consistent with GRT and the momentum is defined
as the four-vector below:

P = (ymoc, B) : (19)
_ 1
V= 2 _ (20)
1-=
c

3. Consider the instantaneous rest frame of the object: then 7 =t, and y = 1, since the
velocity v is zero. The change in momentum or four-vector of the inertial force is then:

., dP am, dp amy -
Y Al ey AL _ 21
F=—% (C ot 'dt> (C at 'f) @1

12
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4. As the electric field is obtained by dividing the Coulomb force by the charge, the inertial

reaction force field F"m could be obtained by analogy by dividing the inertial reaction
force by the rest mass:

L F c dmgy
= =—(—2 . 22
Fn mg (mo ot 'f> 22)

5. The denominator and numerator are divided by the volume of the object. The known
definition of proper energy density is used from Special Relativity, E, = poc?.

P (capo ﬁ)_ (10E0 ﬁ) 23

6. Take the four-divergence of the four-vector inertial reaction force field, and equate it to
the local source mass density, as an analogy to the source charge density.

V-E, = 4nGp, : (24)
Hence follows,
16(16E0> U ang -
CZ at po at f = 4T pO ’ ( )
1 9%E, 1 0py dE 5
0 Po%50 _ .7 = anGp, . (26)

poc? dt2 ' p2c? at ot

7. E, = poc? is used to get time-derivatives of the energy density.

1 02%E, 1 \? /0Ep\* R
_ ) —vy-f= . 27
poc? 0t? +<p0C2) (c')t) V' f = 4nGpy (27)

8. f= —V@ is used because V xf = 0 for a translational force and acceleration. The
negative sign comes from the sign convention of the gravitational potential (force is
attractive, and the direction is opposite the gradient of the scalar potential).

1 02%E, 1 \? /0Ep\*
v2p — ( ) <_) — 471G . 28
0 poc? 0t? + Poc? ot *Po (28)

9. From Sciama’s [20] derivation of the gravitational potential of the universe at a point
particle using vector potentials, assuming a smooth, isotropic universe, Minkowskian
space, and connection of the particle with the rest of the universe: c? = @, is always
true where 0 is the local gravitational potential, thus E, = pyc? = po® [20]. The second
term of the LHS of Equation (28) is expanded:

1 0%E, 1 a(p 0p 6p0> 10%0 2 09dp, @ 9%py
o o

- =— —(po— =—=—- _——— — . (29
poc? 0t? poc? dt ot +0 ot c? 0t? poc? ot dt  pyc? Ot? (29)

10. The third term of the LHS is also expanded:

13
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2 2 2 2
) (5D = (o) (w3 +0%)
1 (a¢>2+ 20 30 dp, ( @ )2 (ap0>2

~c*\at poc* at at  \poc2) ot

(30)

11. Equations 26 and 27 are added together, ® = c? is used once more; note the two terms
that cancel each other and substitute back in Equation (28). A classical wave equation
with source terms is obtained:

1 0%¢ ® 92p, B \*/0po\° 1 /00\2
2 " — — —) ——(— . 31
Ve c 4G po +p0C2 ot? <p062> ( at) c* (6t> (31)

12. Assuming the following form for the wave equation relating mass to its scalar potential,

1 02
720 - 222 _ 4nGpo(po + 5p0(®) . (32)

c? ot?
13. Neglecting the last term in Equation (31), the expression for the object’'s mass density
fluctuation is obtained. If E, is the object’s internal energy density, then P, is its power
density.

1 9%py 1 (9pp\°
- — “Po , 33
8po(8) 4nGp, Ot?  4AmGp? ( at) (33)
1 [ 1 0%E, 1 [0Ey\°
- _ -0 , 34
8po(8) anG [poc2 ot2 péc“( at) ] (34)
Spo(t L% 35
polt) = 4tp,Gc? dt (35)

Equation (35) is the final Mach-effect equation obtained by Woodward, which was then

used to predict mass fluctuations in laboratory experiments. It shows how an object’s density
can oscillate in time due to the rate of power transfer. The effect also depends on the object’s
density.

Here are a few assumptions that can be discussed:

a. Newton’s laws are applicable, and Newton’s universal gravitational constant is defined
and valid in this context.

The possibility that Newton’s universal gravitational constant is not constant everywhere

has been suggested before [55,63,64]. However, Woodward’s derivation only requires that the
universal constant is locally invariable.

b. Lorentz’s invariance is necessary.

This is consistent with GRT since Einstein’s principle of covariance requires it.

c. The gravitational field is analogous to the electromagnetic field.

14
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Although this concept was not fully explained by Sciama [20], it has been widely used in the
literature and criticized by Williams and Inan [65] as being the opposite of a systematic
approach.

d. The inertial reaction force is the action of the gravitational field of the distant matter in
the universe on the test particle. Thus, the scalar potential is the gravitational potential
at the particle due to the distant matter [20].

This is a very interesting explanation of the nature of inertia and the essence of Sciama’s
argument [20]. However, he failed in obtaining a tensor solution compatible with Einstein’s
GRT to support his argument in the subsequent paper [54].

e. The relation c? = @ is true for the local gravitational potential.

This equality was derived by Sciama [20] for an asymptotically flat universe. Indeed, it was
observed by WMAP [66] that the universe is flat up to a 0.4% margin of error. The meaning of
the local gravitational potential has also been discussed recently between Woodward [67] and
Rodal [60], and Woodward’s explanation seems compatible with Brans’ spectator-matter
argument [68].

f. E, is the object’s internal energy density.

According to classical thermodynamics, internal energy is defined as the energy required
to bring the internal state of a closed system to a different state [69]. This is an important point,
since Woodward also excludes the gravitational potential and kinetic energy of the system as
a whole as contributions to mass fluctuations [16].

g. The wave equation was chosen to apply to Equation (32).

Most importantly, Woodward’s derivation starts with the assumption that a system is being
accelerated, or acted upon by an external force, and it leads to a real, measurable effect.
Hence, even if the connection between the mass fluctuation and the accelerating force is not
shown explicitly, it is a given (p. 74) [16].

Even if Woodward’s derivation presents several weaknesses, there are also alternative
derivations for possible mass fluctuations. Tajmar [70] obtained a mass fluctuation from GRT
as well, and Fearn [59] obtained a similar result using a theory from Hoyle-Narlikar’s conformal
gravitation theory. The different derivations all lead to dependencies on the driving frequency.
Hence, the experiments examine the existence of any relationship between the effect and the
driving frequency.

2.3.2 Design of a Mass Fluctuation Thruster

When considering the simplest form of a device with fluctuating energy, several examples
come to mind: a capacitor, a solenoid, a piezoelectric crystal, a microwave oscillator, and many
more. The simplest way to measure this effect would be with a balance. However, this balance
should be able to measure weight change rates in the order of a few kilohertz, and have an
accuracy of a few milligrams to detect the predictions that follow. Furthermore, the balance
should be insensitive to vibration, thermal and electromagnetic interaction to eliminate any
spurious signal that could be mistaken for a weight change. The energy input to a few common
devices is obtained below, to calculate the predicted mass fluctuation.
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For a capacitor, its electrostatic potential energy is given by the following;

B CV?

Eo == ) (36)

where the voltage V is taken to be a sinusoidal function of the form V,sin (wt), and C is the
capacitance of a plate capacitor. Thus, according to Woodward’s formula, expressed with the
internal energy E,,

1 0%E
sm(t) = m# , (37)
the mass fluctuation is given for a capacitor by the expression below:
e (CVOZ szinz wt) 8)
sm(t) = 4mtGc?py ot? ’
after differentiation, it results in:
sm(t) = Cw?V¢cos (2Qwt) (39)
4TtGc?py
For a solenoid, its electrical energy is given by the following:
B =1 , (40)

where the current I is taken to be a sinusoidal function of the form I,cos (wt) and the
inductance of a toroid, for example, given by:

_Ho u-AN?

41
2Ty, (41)

Thus, according to Woodward’s formula (37), the mass fluctuation is given for an inductor
by the expression below:

52 (ng cos? wt)

_ 2 (42)
om(t) = ATtGc?p, at?
after differentiation, results in:
—Lw?I2sin Qwt
sm(r) = —e_losin QD) (43)

4mtGc?py

For a piezoelectric stack, its mechanical energy can be estimated using different
approaches. The first approach uses the standard idea of mechanical work:

Py = Fv : (44)
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where the velocity is given by the first derivative of the deflection of the piezoelectric actuator
due to the induced voltage, V(t) = V, sin(wt):

x(t) = d33QnV(¢) : (45)

Note that the deflection amplitude is increased by a factor Q at resonance, which is
determined experimentally. Furthermore, this derivation assumes that the head mass is fixed
and only considers the displacement of the tail mass. The coupling constant d;; was also
determined experimentally, and was close to the standard value for the material. The factor n
is a clamping factor [71] which reduces the expected displacement because of the counterforce
exerted by the load (i.e., the stainless-steel screws connected to the aluminum end caps):

M=+ ke, ’

(46)

where k, is the actuator’s spring stiffness and considers the piezo-disks, electrodes, and
epoxy layers in series to result in 1.2 GN/m, and k;is the load’s spring stiffness that consists
of the M3 screws, and the aluminum end caps. The stiffness of the load amounts to 0.26 GN/m,
which is lower than the actuator’s stiffness. Thus,

v(t) = dizw@nVycos (wt) , 47)
while the force is:
F(t) = kx(t) : (48)

where k, is the spring constant that includes the screws, epoxy and copper layers, and the

end parts. This gives the following mechanical power to the actuator:

kAUng?JUQZVOZ
2

Py(t) = sin(Qwt) (49)

and the following formula for the mass fluctuation:

sm(t) = —— P (50)
4ntGc?p, Ot ’
Sm(t) = k,n?d3;w?Q?VE cos(2wt) (51)

4mtGc?p,

To transform the mass fluctuation into a thrust force that can be used for space propulsion,
Woodward’s concept uses an actuator to exploit the mass fluctuation, represented by K in Fig.
3. Furthermore, to produce a non-zero net force, the actuating force needs to act
synchronously with the mass fluctuation, with a frequency of 2w as shown in Equations (39),
(43), and (51).
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Fig. 3 — Mass Fluctuation Thruster Concept

The actuator selected is a piezoelectric actuator and its actuation is given by the
application of voltage V},:

x(t) = d33QnV, (1) : (52)

In combination with a mass fluctuation, using Newton’s first law F = mdv/dt, considering
a variable mass, where averaging over one cycle leaves one term remaining if the actuation
and the mass fluctuation operate at the same frequency:

21
Favg = % fo “ sm ()% (t)dt : (53)

Averaging over one cycle results in a static force. Thus, in combination with a capacitor, a
solenoid, or a piezoelectric device, the thrust force is given by:

w4CV02Vpr)Qd33

P 2mGp,c? cos¢ ’ (54)
—w*LIV,nQd3s
w*k VEn?Q3d3;

Foat = 2nGpoc? cos¢ ’ (56)

where ¢ is the phase difference between the acceleration and the mass fluctuation at a
frequency 2w. Thus, the maximum force is obtained for a zero-phase difference between the
actuation and the mass fluctuation. In Equation (56), the same piezoelectric stack was used
for both the mass fluctuation and actuation.

These derivations show how the Mach-Effect theory can lead to measurable forces. As
derived by Wanser [44], and shown in Equation (15), this kind of device would theoretically
work if the system was free-floating in space, assuming that the mass fluctuations predicted
are real. However, do thrust balance experiments reveal the actual force? The next section
shows how the forces were measured.
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2.4 Woodward-type Experiments

This section is a brief overview of the experiments surrounding the MET experiments,
setups and their research parameters, in order to highlight the ambiguities. The first
embodiment of the Woodward experiments differed slightly from the modern thruster concept
that was analyzed in Section 2.3; it consisted in weighing capacitors as precisely as possible
using a force transducer [16]. In the first set of experiments in 1990, different capacitors were
weighed as they were charged and discharged to attempt a direct measurement of the mass
fluctuation. The concept is shown in Fig. 4, where an AC signal was transmitted at the
resonance of the force transducer to amplify the weight signal. The weight change observed
was in the order of 30 mg, as shown in Fig. 4, but appeared to be a spurious signal [72]. The
beat pattern in the result was most likely produced by driving the power frequency near the
mechanical resonance frequency of the transducer and causing vibrations. The effects could
also be a consequence of the vibration of the capacitors or electromagnetic interaction (EMI)
with the force transducer. The transducer consisted in a diaphragm spring coupled with two
Hall-effect probes as position sensors from Unimeasure (U-80), that was encased in a Faraday
cage from mu-metal and aluminum.

3 : : Aluminum
7 ° Cage
27 : Capacitor
1 >
3 S
wo Voltage
= Feed Force

Transducer

Pre-Amplifier

3t ! ! ! ! !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time [s]

Fig. 4 —- Woodward’s First Experiments [71]
left: mass measurement vs time | right: sketch of the experimental setup

The next set of experiments combined the mass fluctuation of the capacitors to a multi-
layered piezo-ceramic (PZT) actuator as shown conceptually in Fig. 5 to transform the transient
mass fluctuation into a stationary force. Again, the device was weighed using the force
transducer U-80 [73]. In that setup, phase-dependent interference effects were expected, as
well as inductive pickup between the capacitor array and force generator circuits. The new
experimental setup is a result of Woodward’s theoretical realization that a transient mass shift
only occurs in an accelerated system, as explained in Section 2.3.1.
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Fig. 5 — Woodward’s Second Experiments Setup [74]
left: circuit diagram of the experiment | right: sketches of the experimental concept

The experiments led to the patent design of 1994 [74], where two methods are introduced
to produce a mass fluctuation. In Method 1, a weighing mechanism ascertains weight changes
by applying an alternating voltage to an array of capacitors (C) while at the same time applying
a synchronous pulsed force on the mass block (MB) with a piezoelectric force generator (PZT).
In Method 2, a periodic mass fluctuation is generated in a capacitor using an inductive-
capacitive (LC) circuit shown in Fig. 5 and a power amplifier. The actuator is driven by a phase
shifter (PS) and frequency doubler (FD) that links the signal generator from the LC circuit to
the actuator. This way, the actuation can act at the same frequency as the mass fluctuation
(2w). High efficiencies can be obtained in the LC circuit at radio frequencies, the thrust must
be pulsed with directed microwave radiation. Experiments were pursued along those lines and
the results with Method 1 described in the patent were presented in 1996 [75]. The capacitors
have detectable first and second-order electromechanical responses. The relative phase
between the PZT actuator and capacitor voltage was varied from 0° to 180°, 90°, and 270° to
investigate its relationship with the observed effect. The device was weighed using the same
force transducer as in previous experiments. Fig. 6 shows the result of subtracting the different
mass measurements when comparing opposite phase shifts.
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Fig. 6 — Woodward’s Second Experiment Results [75]
top left: mass measurements 0° and 180° configurations | top right: net curve
bottom left: mass measurements 90° and 270° configurations | bottom right: net curve

The net curves obtained from the subtraction of two opposite configurations show an effect
that is two orders of magnitude lower than the actual weight measurement. The results show
the need for a better measurement resolution, since the effect sought is hidden within a larger,
nonlinear signal. Moreover, these investigations only evaluated the change in electrostatic
energy using capacitors. Efforts using this sort of device were later abandoned in favor of
another idea using an inductor and a capacitor wired in series.

The new devices were introduced by Woodward [62] as Mach-Lorentz thrusters and the
concept, shown in Fig. 7, uses the Lorentz force produced by the interaction of the capacitor’s
electric field with the coil’'s magnetic field to act on the oscillating ions in the capacitor
undergoing the mass fluctuation. The relative phase between the magnetic and the electric
fields could also be varied by having separate circuits for the capacitor and inductor.

21



CHAPTER 2: LITERATURE REVIEW

B-FIELD

|

A

e ——

\\‘ I\l
|

1]
i

=1 [ | |
—
\

Fig. 7 — Woodward’s Mach-Lorenz Thruster Concept [62]

The devices were weighed using the force transducer U-80 once again and a Faraday
cage was used to remove the possibility of EMI. However, the signal-to-noise ratio (SNR)
shown from the results pictured in Fig. 8 remained very low, contradicting the optimistic
conclusion from the paper [62].
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Fig. 8 — Woodward’s Mach-Lorentz Experiment Results [62]
top left: 0° configuration force diagram | top right: 180° configuration force diagram
bottom left: 90° configuration force diagram | bottom right: 270° configuration force diagram

Finally, the publication of 2012 [19] showcased the full torsion balance (TB) setup in a
vacuum chamber with clear Plexiglas walls, and the first mention of the MET or Mach-Effect-
Assist-Drive (MEGA), marked a significant change with the statement:
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“[..] in light of the calculation based on explicit acceleration dependence, it would appear that
this other method of calculating Mach effects (using the electrical properties of the system being
considered without regards to the details of the accelerations present in the system) is fundamentally
flawed and should be avoided”.

This demonstrates that the older devices were rejected, and the measurable mass
fluctuation should only come from piezoelectric effects. The new device-under-test (DUT) is a
multi-layered, pre-stressed piezoelectric actuator sandwiched between two masses. The
design is shown in detail in Fig. 9. The thrust balance is a torsion-type balance with a high
resolution and low friction as used in the field of electric propulsion [76], relying on low-stiffness
C-flex bearings [77]. The TB concept is shown in Fig. 10. Subsequent experiments have all
been performed with the same balance and devices of roughly the same design as this one,
with a few deviations. The dimensions for the different MET devices are shown later, in Table
7.

Passive

Piezodisk Tail Mass

Screw 1 Active o P
Piezodisk (-) A,

w
)
; e
« .

Rubber Pad = §

Fig. 9 — Exploded View of the MET

The DUT is placed in a metal box, forming a Faraday cage, which is then connected to a
mounting yoke attached to the balance. Cables are run from power amplifiers to the device
through the balance pivot using Galinstan contacts to allow free rotation. The DUT is mounted
on a “vibration-isolating” yoke that purportedly decouples the device vibration from the balance,
the concepts are shown in Fig. 10. A sinusoidal voltage is applied to the piezo-disks that are
connected electrically in parallel and mechanically in series using a thin epoxy layer. Copper
or brass electrodes between each disk pair provide the perfect electrical connection. A pair of
thin, passive piezo-disks is embedded in the stack to provide information about resonances
and nonlinearity. The stack is pre-stressed by a set of screws between the head mass (brass)
and tail mass (aluminum). The L-bracket serves as the connection to the yoke and experiment
box. A rubber pad is placed between the L-bracket and head mass to dampen the vibration
transmission. The head mass and bracket are at the same electric potential as one side of the
piezo-disks, which are placed in pairs of two with the proper orientation; positive poles are
connected together.
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Fig. 10 — Woodward’s Experimental Setup [16]
left: Woodward’s torsion balance | right: Woodward’s mounting yoke

The driving frequency is held constant and chosen to amplify the stationary effect sought.
Key results from Woodward’s MET experiments are shown in Fig. 11 for different device
orientations with respect to the balance, since the yoke can be rotated. The forward orientation
is associated with the head mass of the device being on the right when looking from the device
to the balance’s pivot axis. The thruster’s longitudinal axis is perpendicular to the torsion beam
and within the torsion plane. The reverse configuration has the thruster being flipped by 180°
within the torsion plane. The results were then superposed and subtracted to produce a net
curve with visible switching transients and a steady pulse of 2 uN.

B 250 o 95()
Forward —Force [uN] ' Reverse —Force [uN] |
3.5+ —Voltage [V 3.5° —Voltage [V]|!
ge [ ]7200 : g [V]i200
° v\/"\*\/\H" 3
25 150 25 1150
z =z | =
= 2 [} = 2 [ (0]
© {11002 o | 100 2
(8] ] o L @
5 1.5 S &5 15 3
s S [ S
1 150 1 150
05 05 ]
10 ; 10
0 0 !
05" ‘ : : : 150 05" ‘ ‘ : : : : 150
5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time [s] Time [s]

Fig. 11 — Woodward’s MET Experiment Results | [19]
left: forward configuration force diagram | right: reverse configuration force diagram

The forces claimed in Woodward’s experiments are 10 to 20 uN but no calibration plot is
offered [16]. In the new device, lead-zirconium-titanate (PZT) disks act as capacitors by storing
energy in their dielectric core as they are polarized, and the variation of energy occurs as the
ions in the crystal lattice are accelerated by the changing external field.

The same experiment was repeated with a different amplifier and the net force measured
was around 400 nN for the 46 kHz pulse in 2019 [78], shown in Fig. 12. This time, the results
of the 90° and 270° configuration were also shown, where the thruster’s axis is perpendicular
to the torsion plane. The transformers were allegedly critical for the operation of the device.
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However, no theory explains the use of the rubber pad and L-bracket shown in Fig. 9, or the
transformer used in the electronics. The average of runs was obtained for around 5 runs per
graph, as in previous experiments. There is a significant variation in the power input, and the
thrust-to-power ratio is around 15 nN/W, compared to the lower limit of 7 nN/W for photon
thrusters.
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Fig. 12 — Woodward’s MET Experiment Results Il [78]
left: net force measurement 0°-180° | right: net force measurement 90°-270°

Woodward [16] revealed important conditions that are consistent with the derivation
obtained in Section 2.3.1 for the success of the experiment. The thrust comes about by
applying a periodic force at the frequency of the mass fluctuations, thus, relying on the
piezoelectric device’s natural electrostriction. The force and the mass fluctuations need to be
in phase to deliver maximum thrust, and if these terms are out of phase, then no thrust would
be expected.

Fearn and Woodward [79] also responded to the criticism of their experiments involving
vibrational artifacts using the following statement : “the effect cannot be caused by Dean drive
vibrations since these could be caused by friction in the bearings of the balance, they would
not reverse upon reversing the device, hence they would average to zero and show no net
thrust”.

The experiments have since been replicated by other researchers. In 2006, Buldrini et al.
[80] repeated the Mach-Lorentz experiments on a TB in a vacuum chamber at the Austrian
Research Center. With a resolution of about 0.5 pN, thermal artifacts were observed using two
different devices with proper electromagnetic shielding, as shown in Fig. 13. With one of the
devices, EMI between the balance structure and the twisted cable pair exiting from the
outgassing slit appeared to cause a force. Since the same thrust signature was obtained when
driving the capacitor in combination with the coil as well as without operating the coil, the thrust
was dismissed as an experimental artifact due to inadequate electromagnetic shielding.
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Fig. 13 — Buldrini’s Mach-Lorenz Experiment Results [80]
left: force measurement with the active coil | right: force measurement with deactivated coil

Perhaps the strongest evidence for thrust, outside of Woodward, appeared in the
experiment from Buldrini [81] at FOTEC, Austria in 2017. In that case, a thrust balance with a
much higher resolution than the previous one, about 50 nN, was used to test a MET device
from Woodward. The chosen operating frequency of 40 kHz corresponded to the maximum
thrust production after having tested the device at different frequency values. In Fig. 14, one
sees a clear force profile with three distinct cycles and a maximum steady-force magnitude of
150 nN. Both the amplifier and the step-up transformer had the same specification as the ones
used by Woodward. The device had been sent by Woodward in 2014, two years before
publication.
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Fig. 14 — Buldrini’s MET Experiment Results [81]
left: single pulse 0° configuration | right: multi-pulse 180° configuration

The measurements show repeatable results, with switching transients in the opposite
direction when turning the device on and off, as well as a small stationary component. The
direction of the force depends on the device’s orientation. There are no experiments that show
the generation of a stationary force for more than 16 seconds using the MET. Furthermore, the
publication does not show the results of tests with the device oriented at 90° to confirm the
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absence of experimental artifacts. Other researchers[21-23]have attempted these
experiments and came up with similar conclusions.

The MET experiments from Woodward’s research group [82] have since then continuously
been pursued and modified, being financially supported by a NASA Innovative Advanced
Concepts Phase Il grant, and eventually moved on from the TB experiments to an air sledge,
and then to a pendulum tested in the standard atmosphere. The measurements with the
pendulum promise hundreds of uN in thrust force with a MET device equipped with a different
supporting structure than the L-bracket. However, the investigation of experimental artifacts
due to vibration, or the larger thermal, ionization and convective effects at atmospheric
pressure with the new pendulum has not yet been as thorough as with the TB experiments.

2.5 Force and Transient Mass Measurements

Precisely measuring mass variations during a process is important for many applications
including monitoring chemical reactions, examining surface interactions in material, in
experimental and fundamental physics, and, most recently, in space propulsion with the idea
of utilizing hypothetical mass fluctuations [83—85]. There exist multiple scale or balance
mechanisms that display unique characteristics appropriate to specific weight and force ranges
sought; the traditional balance concept consists of the long-arm fulcrum and two weighing pans,
but there exist many other types. Today, most laboratory scales [86] used for measuring weight
are analytical balances that employ a magnetic voice coil (VC) to counteract the measured
mass, shown in Fig. 15, and these offer ultra-precise measurements with a readability as low
as 0.1 pg for a maximal load capacity of 2 g, or 0.1 g readability for the high capacity of 70 kg.
The current input to the VC is then output as a digital mass readout. For larger forces or
pressure measurements, load cells are very versatile as they include hydraulic, pneumatic,
piezoelectric, piezoresistive, and strain gauge load cells. Piezoelectric load cells [87,88]
depend on the piezoelectric effect and typically have 0.25% in Full-Scale accuracy for a
maximum load range spanning 100 N to 10 kN, but for a wide dynamic range, up to several
hundred kHz.

In a strain gauge scale, the deflection of a beam on which the unknown mass is placed is
measured using an electric conductor with measurable, strain-dependent electrical resistance.
For specific force measuring applications like thrust stands for the aerospace sectors,
electromechanical balances, typically of the torsion type shown in Fig. 10, are used so that
they can be fine-tuned. The TB can have a resolution down to sub-micro-Newtons and have a
response time of a few seconds [76,89-91]. The cantilever balance uses the known deflection
of a cantilever beam to measure the mass suspended at the end of it. To measure very small
masses, a nanocantilever uses a strip of silicon carbide to detect masses as small as one
attogram; it uses the dependency of its vibrational frequency on the mass of particles resting
on it [92]. A quartz crystal microbalance (QCM) also uses the properties of piezo-crystals, since
the resonance frequency of a piezo-crystal highly depends on its mass [85]. Similarly, a
tapered element oscillating microbalance (TEOM) can detect aerosol particle deposition by
making use of a small vibrating glass tube whose oscillation frequency depends on the number
of aerosol particles deposited on it [84]. Superconducting levitation balances allow a force
measurement without friction over a 360° rotation with high resolution as well [27,93].
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Fig. 15 — Analytical Balance Principle [94]

Table 5 shows an overview of different types of balances with their characteristics:

Balance Type Resolution [g] Max. Weight [g] Reaction [s]

MEMS

R t -14 -11
Resonator [92] esonator 10 10 5

Torsion Thrust

Balance [76] forsion 10~ 31107 °
:
Forust i:‘:rin:e[sg] forsion ' 2107 oot
E;ihBZT:::eit{%] Analytical 0.1 7-10° 2
Piezoelectric Load Cell 20 45103 10-5

Load Cell [95]

Table 5 — Overview of Balance Types

Finally, a different approach to measuring mass, and one that was investigated during this
project, is a centrifugal balance that utilizes rotation and its centrifugal acceleration on the
object to determine its mass. It was first proposed by Woodward to measure nanogram mass
fluctuations in the kHz range predicted by his Mach-effect theory [96]. Although the balance
presents difficulties of calibration and spurious signals, it is possible to apply any desired gain,
allowing it to simulate microgravity (<1g,) to hypergravity (>1g,), in the direction perpendicular
to the rotation, depending on the rotation rate. To detect the mass change using such a setup,
strain gauges or piezoelectric load cells can be used. Strain gauges are superior in accuracy,
with a linearity of 0.01%, and are perfectly adapted for static forces [88,97]. Both types have a
ringing or resonant frequency that limits the application bandwidth, however, piezo-gauges can
have a higher resonant frequency because of their high stiffness [98]. Thus, this balance uses
a combination of both types of sensors to offer both a high resolution and a large measurement
bandwidth.
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3. Electromechanical Characterization

3.1 Piezoelectric Actuators

This section examines the design of ultrasonic transducers and their properties.
Knowledge of the design characteristics and piezoelectric properties is vital to the
understanding of the Woodward devices and experiments.

The piezoelectric effect causes the generation of a voltage when applying pressure to
certain crystals. Conversely, the mechanical deformation of those crystals under the
application of an external electric field is known as the inverse piezoelectric effect. Both effects
are used in many applications including force transducers, energy harvesting devices, high-
voltage ignition, and many more [99]. Piezoelectric disks can also be stacked and sandwiched
to provide precise displacement and high actuating force as actuators, or good acoustic power
transmission as transducers.

3.1.1 Basic Properties

The material properties of polycrystalline piezoelectric crystals relevant to MET
experiments are defined using a simple geometry: a solid disk with a coordinate system
illustrated in Fig. 16. In this case, the disk is composed of a polycrystalline ceramic such as
Lead-Zirconate-Titanate (PZT) and is polarized in the thickness direction (z-axis). The elastic
and electric properties of the polarized disk are anisotropic; their values are different along the
z-axis when compared to the x- and y-axes. This is due to the asymmetric crystal structure of
PZT, the unique domain structure in polycrystalline materials and its orientation along the
polarizing electric field [100].

ZA

Yy X

Fig. 16 — Piezoelectric Disk Geometry
The thickness direction is also used interchangeably with direction 3,
the y-axis is number 2 and the x-axis is number 1 in the notation.

According to Uchino [100], if the generated stress and electric field are not too large, the
mechanical stress T and the dielectric displacement D can be represented by the following
linear equations in tensor form. The piezoelectric constitutive equations demonstrate the
relation between the electric field E and the mechanical strain S through the piezoelectric
coupling constant or matrix d, the equations below use the tensor notation:
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&:ﬁﬂ+%@ﬁ , (57)
Dy, = dp;T; + €L Ey ) (58)

In turn, the dielectric displacement is given by the piezoelectric coupling to the mechanical
stress T and the product of the material’s dielectric permittivity € and the electric field. There
are a few properties that can be derived from these linear piezoelectric equations.

The piezoelectric strain constant d is given by the ratio of the external electric field E to
the induced strain and indicates the magnitude of the inverse piezoelectric effect, useful for
actuator applications:

S
d=7 : (59)

Conversely, the piezoelectric voltage constant g is given by the ratio of the induced
electric field E to the external mechanical stress T, to indicate the magnitude of the direct
piezoelectric effect. This figure of merit is useful for transducer applications and is also given
in relation to the piezoelectric strain constant, using the material’s dielectric permittivity &:

E d
g T ¢ (60)

The electromechanical coupling factor k is given as a ratio of the stored mechanical

energy to the input electrical energy for actuators or as a ratio of the stored electrical energy

to the input mechanical energy for transducers:
k=1/d2/gg . (61)

The mechanical properties include the stiffness Y of the material and its compliance s,
which relate the induced strain to the applied stress or vice-versa:

y-1.1T . (62)

When applying an external electric field to the piezoelectric specimen, its displacement
response amplitude reaches maximum at resonance (or series resonance), and minimum
amplitude at anti-resonance (or parallel resonance). The resonance frequency is determined
by the specific vibration mode. For a solid disk, the simplest resonance modes consist of the
first radial and longitudinal modes. The longitudinal, or thickness, resonance frequency is
calculated using the following equation:

2 |Y
W ZT E . (63)

The resonance frequency can also be calculated using the frequency coefficient in the
thickness- and radial modes, if the frequency numbers are known beforehand:

2nNy
(l)T = t

(64)
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wg (65)

The mechanical quality factor or simply, Q-factor, characterizes the sharpness and
intensity of an electromechanical resonance, for example in a power spectrum where a
system’s response to an input signal with constant amplitude over a broad frequency range is
obtained. The Q-factor is calculated according to the equation below:

Qu = wo/2Aw . (66)

The frequency bandwidth Aw is the half-power bandwidth measured using the 3-dB rule.
The peaks of the power spectrum correspond to a resonance, and the sharpness of the peak
indicates a higher Q-factor according to Equation (66). It also determines the strain
amplification at resonance, since the maximum strain is the product of the strain under normal
circumstances and the quality factor [100]. In Equation (67), the piezoelectric strain constant
is the matrix element d3; for the coupling of strain and the electric field along the polarized,
longitudinal direction, in this case dz:

The inverse of the quality factor represents the tangent loss or damping, which is
proportional to the amount of heat generated when the actuator is driven at resonance:

1/Qy = tan &, . (68)

Piezoelectric materials suffer energy loss in the form of heat during stress cycles in a
process called hysteresis. This property is best described using a diagram or butterfly curve
representing the relationship between strain S and induced electric field E. In Fig. 17, the path
is explained as follows: point A is right after ceramic sintering where no mechanical stress is
present, and mechanical strain can then be observed when applying an electric field until
saturation at point B. Reducing the electric field to zero shows the remanent strain in the
material. Reducing the electric field further until the coercive field E. at point D would reverse
the polarization of the material. The difference between the paths BD and GB or between the
paths GE and ED is due to frictional losses and thus, the larger the area of the butterfly wings
the greater the hysteresis in the material. There are three loss origins in piezoelectric materials:
dielectric, elastic, and piezoelectric losses. Domain wall motions contribute to extensive losses.
According to Uchino, heat generation at off-resonance is attributed mainly to intensive
dielectric loss, while heat generation at resonance originates mainly from intensive mechanical
loss [101]. Intensive parameters are T and E, induced mechanical stress, and induced electric
field. Extensive parameters are S and D, resulting in mechanical strain and polarity
displacement. Extensive losses are due to domain wall motions [100].

The Curie temperature is a material’'s phase transition temperature, above which its
piezoelectric properties disappear. Thus, the piezoelectric material should not be heated to
reach its Curie temperature during the operation.
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Fig. 17 — Butterfly Curve [101]

Referring to Fig. 17, since the path CD is shorter than the path CB, most actuator
applications introduce a DC bias to use the full electric field range without approaching the
coercive field. So far, most properties were obtained from the linear piezoelectric equations.
However, there are several non-linear parameters as well. The constitutive piezoelectric
equations around the pre-stressed static state were described by Guyomar et al. [102]. The
equations derived from thermodynamic relations to reflect the experimental observations
observed under high power driving conditions show that there can be nonlinearity in the
mechanical, dielectric, and piezoelectric coupling coefficients, represented by a, § and y
respectively. Hence, second harmonic signals result from the quadratic relationship between
the stress and polarity displacement to the induced fields:

aS? E?
T=T0+SS—eE+T+ﬁT—ySE : (69)

S?  SE?
D:D0+eS+sE+YT+T—ﬁSE : (70)

Electrostriction is a secondary electromechanical coupling observed in all dielectrics and
insulators that are not affected by hysteresis or aging [100]. In electrostriction, strain is
generated in proportion to the square of the electric field. In the Lead-Zirconate-Titanate
system, electrostriction only corresponds to a very small fraction of the nonlinearity [103]. Table
6 lists the different properties mentioned for various piezo-materials. It is important to note that
electrostriction is very small in comparison to the piezoelectric effect as well as other
nonlinearity for most piezoelectric material. The values of the electrostriction coefficients were
obtained from Li et al. [104] and converted to the appropriate units by using the respective
electric permittivity values. Other nonlinear effects most likely result in greater distortions of
the actuator’s operation than the electrostriction [105]. These properties were used in the FEM
and thrust force prediction.
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Material PZT5H PZT4 PIC155 PIC255 PIC181 PMN-PT SM111 SM211
[100] [100] [106] [106] [106] [100] [107] [107]

Density 7.5 7.5 7.75 7.8 7.85 8.2 7.9 7.8

[kg/cm?]

Curie 193 325 340 350 330 150 320 165

Temperature [°C]

Dielectric 3400 1300 1550 1850 1100 6000 1400 5400

Coefficient

[€33/&0]

Dielectric 2 0.4 0.25 0.2 0.05 0.01 0.4 3

loss, tan é

Coupling 0.65 0.58 0.62 0.62 0.56 0.9 0.58 0.67

constant, k,,

Piezoelectric 593 285 360 400 265 2750 320 650

constant, d;;

[10712 m/V]

Voltage 19.7 249 27 25 25 34.7 25 13.6

constant, g;3

[1073 Vm/N]

Elastic 16.4 12.2 19.7 20.7 14.2 57.7 13.7 19.6

Compliance, s&;

[10712 m2/N]

Mechanical 65 500 80 80 2000 - 1800 60

Quality Factor, Q

Electrostrictive 9 1.3 1.9 1.9 2.7 158 1.5 229

Coefficient [105]
[10—18 mZ/[/Z]
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3.1.2 Actuator Design

An overview of the main design parameters, operational limitations, and performance
parameters is given here using the properties defined in Section 3.1.1. The typical geometry
of the Langevin ultrasonic transducer, or a pre-stressed, multi-layer, piezoelectric stack
actuator is shown in Fig. 18. The important elements include the central bolt or screw, the
piezo disks, which are connected electrically in parallel and mechanically in series, and the
head and tail masses. The stack actuator, with total length L, is placed under pre-load by the
central bolt, with length L,, screwed in the head mass to keep the ceramic disks, length L,
under compression since their tensile strength is much lower than their compressive strength.

Lc
Lb

Fig. 18 — Langevin Transducer Geometry [108]

A few key points of the transducer design procedure from Abdullah et al. [108] are
introduced here with consistent notation. First, the average acoustic power can be related to
the oscillatory stress amplitude in the ceramic, T, o, where c, is here the sound velocity in the
material, y, the vibration amplitude, w the driving frequency, A, the cross-sectional area:

1 2
P ZZ_YCTO CCAC y (71)
Ty = Yepow/c. . (72)

The maximum fatigue stress limits in the ceramic and the bolt, T ., T, set the rest of the
material properties. Considering a safety factor 8, the maximum allowable stresses are:

Tc,max < Tf/ﬁ y (73)
Ach,c
Tb,max = A, + 2Tb,O < Tf,b/ﬁ ) (74)

where 4, is the cross-sectional area of the bolt, T, . is the pre-load stress in the ceramic and
T} o is the oscillatory stress amplitude in the bolt.
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The displacement amplitude is given below, where n is the number of ceramic disks:

_ nd33V0
2

Ho Om : (75)

The resonance frequency w, is selected to determine the total length L; and the
diameters of the individual parts, D;, using certain criteria to avoid interfering with shear or
lateral resonances by considering the sound wavelength in individual parts A;:

LT = A/Z = C/ZT[(UO y (76)
L 77
D, : (77)

The maximum stress in the PZT ceramic is determined using Equation (78):

w
Temax = nYe 2C QmdszsVmax . (78)
c

Using the same notation, but considering the actuator as a spring fixed at one end, the
oscillation of the stack actuator can be described using Equation (79) in the quasi-static regime,
and without pre-load, where k, is the stiffness of the stack and F the vibration force:

Wo = F/ky : (79)

However, with a bolt pre-load with high stiffness k;, the relation changes to Equation (80),
in the quasi-static regime, meaning at low frequencies (<1 kHz):

k
= 1o (=) . (80)
kqg+ kg

The relationships are illustrated in Fig. 19 [71,109]:

Ka Kg
[T77777777777 - 1777777777777

Fmax

Fig. 19 — Comparison of Loaded and Unloaded Stacks [71]
left: sketch of unloaded and load stacks | middle: elongation vs voltage
right: elongation vs force

An improved design should also consider the length of the bolt and the length of the thread,
to avoid parasitic resonances [110]. Furthermore, the appropriate selection of end cap
materials is made by considering impedance matching to prevent acoustic power transmission
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loss [108]. These properties are used in the thrust force prediction and referred to in
Section 3.1.9., they were also used in the design of CD05, introduced later for the centrifugal
balance experiments in Section 5.1.2.

3.1.3 Mach-effect Thruster Devices

The MET design is based on the Langevin-type ultrasonic transducer. The individual
devices all follow the same model and there are very few differences in the material selection
and dimensions. The thickness of each part has an influence on the longitudinal resonance of
the device and the aluminum L-bracket is related to a particular bending mode. More important
is the fact that the PZT disks are subjected to a different number of stress cycles, and have
been manufactured using a process that can result in up to 20% discrepancy [107] in the
properties described in Table 6. This deviation can lead to great offsets in the resonance
frequencies and electromechanical behavior.

The MET are described according to Fig. 20, and the dimensions for all the devices used
are summarized in Table 7. Missing from the table is the presence of a pair of passive piezo-
disks of SM211 material with 0.3 mm thickness in all devices, except MET04, towards the end
of the stack. Woodward calls that pair of disks the “accelerometer”, which can be used as a
transducer to provide qualitative information about the vibration in the stack [16]. Between each
piezo-disk are 50 uym-thick brass electrodes and a thin layer of epoxy (=50 um), except MET04,
which had 100 pm-thick copper electrodes. The stacks were coated in epoxy made from
Epon 815C and Versamid 140, with the exception of MET04, which was coated with heat-
insulating epoxy from Loctite. Pictures of the devices can be found in Appendix A.

Active Passive
Rubber Pad _ Head Mass  pjezo-disk Piezo-disk Tail Mass
._/

Screw 1 ﬂ

|
k|

DS1

|
B

Screw 2

L]

DH

DS2

=

F\ Mounting
L-Bracket

|
Mounting Screw

Fig. 20 - MET Schematic
left: MET CAD side view with annotation | right: CAD MET drawing cross-section
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Device PZT Ly Dy Ly Dp Lgq D¢, L, Dg, tg
MET01 SM111 9.5 28.7 43 19 40.5 2.8 - - 1.7
MET02 SM111 19 28.3 3.9 19 18.5 2.8 39.5 2.2 3.2
MET03 SM111 19 28.3 3.9 19 18.5 2.8 39.5 2.2 3.2
MET04 PIC181 19 29.0 4.0 20 13.0 3.0 33.0 3.0 3.0
MET05 SM111 19 28.5 4.7 19 15.0 2.9 39.5 2.3 31
MET06 SM111 19 28.5 4.7 19 15.0 2.9 39.5 2.3 31

*dimensions in mm

Table 7 — MET Properties

3.1.4 Magnetostrictive Actuator

CU18A is an actuator based on the magnetostrictive properties of Terfenol-D [111]. As for
piezoelectric materials, where the material domains get reoriented by the application of an
electric field, the magnetic material domains of a magnetostrictive material get reorganized
under the application of a magnetic field. Using magnetostriction, high strains can be achieved
with relatively low losses through hysteresis. Table 8 compares a few properties of
magnetostrictive and piezoelectric materials.

. Coupling Hysteresis Elongation Energy Curie [°C]
Material Effect Constant [%] [%] [kJ/m3] Temperature
PZT4 . . 0.32
[100] Piezoelectric [nm/V] 10 0.1 2.5 320
Terfenol-D . 20
[112] Magnetostrictive (nmy/A] 2 0.2 0.02 650

Table 8 — Comparison of Magnetostriction Properties

Fig. 21 shows a picture of CU18A, purchased from Etrema [111]. The magnetic field is
induced by a current applied to a coil wrapped around the Terfenol-D rod. A mass can be
attached to the mounting guide and can be shaken by the magnetostrictive rod through a
mechanical connection of Belleville springs. This type of spring was invented to provide high
stiffness and fatigue resistance [113]. There are secondary and nonlinear processes occurring
in magnetostrictive actuation as well, including electrostriction [114]. Thus, this model is very
similar to the MET in the sense that a tail mass is excited using a sinusoidal function and a
coupling between linear and nonlinear processes can be present. In this case, the power is
greater, and the vibration amplitude is as well.
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Terfenol-D Rod  Excitation Coil

Pole Piece
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Housing Assembly  Belleville Spring Mouhting

Fig. 21 — CU18A Picture and Magnetostrictive Actuator Design [115]
left: CU18A picture | right: magnetostrictive actuator design concept

3.1.5 Numerical Analysis of MET Behavior

This section describes the FEM performed with ANSYS Workbench and the Piezo-
Mems 2021 extension for a qualitative analysis of the MET under the application of an
oscillating electric field. The simulation includes the mechanical properties of the aluminum L-
bracket, the stainless-steel screws, the aluminum and brass masses, and the rubber pad, as
well as the electromechanical properties of the piezoelectric disks. The simplified geometry
used in the model can be seen in Fig. 22.

L-Bracket Head Mass Screw
(Aluminum) (Brass) (Stainless Steel)
Rubber Pad Piezo-disk Tail Mass
(PZT4) (Aluminum)

i
!
/
!
[ 0.015 0.03(rmy [ 0015 0.03 () z/k %

00075 0022 0.0075 0022

Fig. 22 — MET FEM Geometry

The analysis started with a 3D Computer-Aided-Design (CAD) model generated in
Solidworks that could be directly implemented in ANSYS. Adapting the geometry included
removing screw heads, holes, threads, and is recommended for easier meshing and more
accurate calculations. Then, the material properties were defined using isotropic relations for
metals and anisotropic elasticity matrices for the piezoelectric disks. The viscoelastic
coefficients of the rubber pad were obtained from tensile tests performed at the Leibniz Institute
for Polymer Research in Dresden. The experimental data took the form of loss tangents versus
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frequency and temperature. Next, using a good balance of coarse meshing for larger parts of
the assembly and finer meshing for areas of importance such as the interface between screws
and end caps could optimize the speed of conversion and accuracy. The boundary conditions
included the fixed support, selected as the lower face of the L-bracket, the voltage on the
electrodes in the stack applied to the positive poles of the disks. The contacts between the
different parts were assumed to be fully bonded, instead of using threaded connections. The
piezoelectric behavior of the disks was made possible using special solid elements that
integrate the linear, piezoelectric constitutive equations in the PiezoMems extension. The
solution parameters using the mechanical solver were selected to give the vibration modes
and resonance displacements for a frequency range that is similar to the frequency sweep in
the experiments. Finally, different solution methods were examined for comparison, and an
iterative process was necessary to adapt the meshing and boundary conditions.

The density and isotropic elastic properties of aluminum, stainless steel and brass were
taken from the material database available in ANSYS. However, the piezoelectric coupling,
anisotropic compliance and anisotropic relative permittivity matrices had to be specified for the
Z-poled PZT4 material [116]. Starting with Workbench 2022 the property matrices could be
input in the IEEE format. The relative permittivity matrix was obtained for constant stress, and
the compliance for constant electric field according to the strain-charge form.

The meshing was optimized after a few iterations and is shown in Fig. 23. the main
meshing parameters are summarized in Table 9.

@ .
z
0 o0 0.03¢m)
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0.0075 0022 00075 ™

Fig. 23 — MET FE Geometry & Meshing

Meshing Quality Element Type Min. Element Nodes Elements
Size [mm]
Middle Tetrahedral 1.0 16,508 8,972

Table 9 — Meshing Parameters
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The boundary conditions for the analysis consist in fixing the nodes of the bottom surface
of the L-bracket, then applying a potential difference on the whole area of the electrodes
between the piezoelectric disks, equivalent to 100 V. The modal and harmonic response
analysis generate the solutions using the mechanical solver over a frequency range of 20 to
100 kHz. The modal, superposition mode, and full solutions were obtained for over 200 data
sets. The solution is presented in Fig. 24 as absolute specific nodal displacements in the z-
direction exclusively, over frequency for a fixed driving voltage. The observed displacements
are the displacements of the nodes on the outer surface of the tail mass (aluminum), as well
as the displacement of the head mass (brass). The phase diagram shows that the head and
tail masses move opposite to each other over the entire frequency range with a few exceptions
linked to some parasitic modes of the screws and numerical artifacts — shown by the many
distortions at higher frequencies.

0% 200
f —Tail Mass
—Head Mass
-6 i
— 10
E 100 -
®
3 7
= 10 e
[0]
£ g o
5 10 o
IS
e}
(S -100 -
~ 107
—Tail Mass
b —Head Mass
10—10 L I I I J 200 - |
2 4 6 8 10 2 4 6 8 10
Frequency [Hz] x10% Frequency [Hz] x10%

Fig. 24 — Numerical Analysis of Head and Tail Mass Z-Displacements
left: vibration amplitudes | right: displacement phase relationships

Furthermore, the post-processing allowed the visualization of deformation modes at some
of the frequencies to investigate the nature of the vibration. The first mode in Fig. 25 shows
the longitudinal displacement of the whole stack and masses along the z-axis. The second
series of diagrams in Fig. 26, show a bending mode around 23 kHz and a parasitic screw
vibration around 34 kHz, as was studied by DeAngelis et al. [110]. These modes were not
observed in Fig. 24. The deformation gradient in the figures is only used for qualitative
purposes. The most important conclusions from this analysis are the presence of one clear
resonance peak between 20 and 55 kHz that is responsible for the longitudinal resonance of
the stack, and that the aluminum and brass displacements should be similar in amplitude, and
opposite in direction at resonance. The results also show that the rubber pad does not hinder
the transmission of vibrations from the device to the supporting structure very much. Other
modes including torsional, transverse and radial deformations were outside the experimental
sweep range between 24 and 48 kHz, and therefore are not shown here.
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Fig. 25 — FEM Longitudinal Vibration Mode
left: minimum deformation at 39.6 kHz | right: maximum deformation at 39.6 kHz
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Fig. 26 — FEM Different Vibration Modes
left: bending deformation at 23.4 kHz | right: parasitic screw vibration at 33.7 kHz

3.1.6 Vibrometry Analysis

The goal of the experiment was to examine the mechanical resonance frequency of the
device and to see the correspondence to the electric resonances observed using the
impedance spectrometer. A reflective target was set up on both end masses of thrusters
METO03 and METO04: in one test, the metal surface was polished until sufficient reflection, in
another test, a round mirror with a 10 mm diameter was fixed on the target mass. Both methods
yielded similar results. The interferometer, described in Section 3.3.1, is held in place using an
optical mount to examine the velocity of the target. One target was examined at a time, while
the driving frequency was swept over the frequency range of interest at a constant voltage
using the amplifier electronics described in Section 3.2. The experimental setup can be seen
in Fig. 27, where the device’s L-bracket is fixed to an optical table via a stainless-steel mount.
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Fig. 27 — Vibrometry Setup

The results are compared to the impedance spectra in the next series of figures. As can
be seen from Fig. 28, the vibration peaks are located around the lowest impedance. The
impedance was calculated from the output voltage-to-current ratio (Vyyr/Ioyr), to maintain the
same loading, voltage, and stress conditions for both experiments. The peaks are roughly at
the same frequencies. Furthermore, the brass vibration amplitude is comparable to the
aluminum mass’ vibration amplitude at the resonance frequency. The driving voltage was
100 V. There seems to be a discrepancy between the vibration peak and the impedance
minimum, which could be due to some latency in the processing program. The vibration
amplitude of brass was obtained only between 24 and 48 kHz.
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Fig. 28 — MET03 Head and Tail Mass Displacements
left: head (brass) mass displacement | right: tail (aluminum) mass displacement

The vibration of aluminum and brass masses for the MET04 device has been increased
compared to the previous experiment, by increasing the driving voltage to 160 V. This also
leads to smaller noise in Fig. 29. The peaks also occur around the impedance minima for this
device as well. The brass amplitude is comparable to the aluminum amplitude and the
mechanical resonance is at the same frequency as the resonances measured using the
electric spectrum. However, the amplitude of the vibration cannot be inferred from the value of
the impedance or the relative value of the impedance. In these diagrams, there is no
discrepancy between the mechanical and electric resonance frequencies.
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Fig. 29 — MET04 Head and Tail Mass Displacements
left: head (brass) mass displacement | right: tail (aluminum) mass displacement

3.1.7 Impedance Spectroscopy

Different tests can be used to characterize the piezoelectric devices and examine the
effects of aging, humidity, pre-stress, or stress conditions. Their impedance or resonance
spectra are also obtained using different methods and then compared. This section includes
the characterization of the MET, how they compare to each other, and how they changed over
time. The techniques used for characterization are vibrometry, impedance spectroscopy, and
FEM. The pictures, geometry, physical properties, drawings, and circuits of the devices are
included below. Table 10 shows the official model number used in the thesis in the first column,
as well as the number of tests and runs for each one of them. The piezoelectric models used
for balance experiments start with the notation MET, whereas the devices used in centrifugal
balance experiments introduced in Section 5.1.2 start with the notation CD (Centrifugal Device).
CU18A is the maker’s model number for the magnetostrictor [111].

Device Maker Year No. No. Resonance

Produced Tests Profiles [kHZz]
METO1 Woodward <2013 9 240 38,42,56,75
MET02 Woodward <2017 37 5770 22,42,62,75
METO03 Woodward 2018 49 6943 32,43,63,90
METO04 Monette 2018 30 2810 36,39,73,90
METO05 Woodward 2019 137 585 34,46,70
METO06 Woodward 2019 4 20 34,46
CU18A Etrema 2018 32 2948 9.5,17.5

Table 10 — Overview of Test Devices
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A few different methods were employed to examine the behavior of the devices in different
driving conditions. In the first method, an impedance spectrometer (HP4294A, Agilent) was
used to obtain the impedance spectra of the different devices. By the equivalence principle,
the impedance of a piezoelectric device gives information about the mechanical behavior of
the system. The test conditions include constant, and very low current of 50 mA and a
frequency sweep from 1 mHz to 200 kHz. The instrument was first calibrated using the
standard procedure with a short circuit, open connection, and 50 Q resistor.

Fig. 30 shows the impedance spectrum of the different MET devices in Ohms. The
impedance can also be given in dB in reference to the standard 50 Q resistance. Where there’s
a dip in the impedance spectrum, there is also a resonance, where there’s a peak there’s also
an anti-resonance. The phase also shows the different resonant modes; the phase should
reach close to zero in the case of a resonance where most of the energy is converted to real
work and the actuation is maximized. The spectra are shown between 20 and 60 kHz for all
devices.
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Fig. 30 — Impedance Spectra MET01 & MET02
left: METO1 spectrum | right: METO2 spectrum

The first curves show the impedance spectrum of MET01 and METO02, the two older
devices are provided only as a reference. Generally, there are fewer resonances at the lower
end of the spectrum, and the impedance generally decreases with frequency, similar to a
capacitor. Then, the graphs show that there are more parasitic resonances for METO01 than for
METO02, which may be due to ageing of the piezoelectric structure, since METO01 is significantly
older than METO02. Both devices have a pretty clear resonance at 38 and 22 kHz, respectively,
followed by a clear anti-resonance right after, at a slightly higher frequency. Furthermore, there
seems to be a small resonance around 42 kHz in both devices. Overall, however, the
resonances are not very clear and strong for both devices when compared to the next figures.
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Fig. 31 — Impedance Spectra MET03 & MET04
left: METO3 spectrum | right: MET04 spectrum

In Fig. 31, the resonances of MET03 and METO04 are shown to be more significant in the
frequency spectrum. METO03 has resonances at 32, 43, and 62 kHz. MET04 has resonances
at 36, 39, and 74 kHz. It is not clear whether the resonance at 36 kHz for MET04 consists of a
single resonance split due to bad coupling, or if these are two distinct resonances. One sees
that there are much lower distortion and fewer parasitic modes, when compared to the spectra
of METO1 and MET02. METO01, MET03 and MET04 suggest that the longitudinal resonance
of interest lies somewhere between 32 and 39 kHz for the MET design.

The spectra of the last two devices were obtained in Fig. 32 by analyzing the strain gauge
signal. This method consists in applying a fixed voltage across the piezoelectric device without
an amplifier, sweeping the driving frequency from 10 to 100 kHz, and simultaneously
monitoring the gauge signal using an oscilloscope. The voltage ratio of the gauge voltage V.
to the commanded voltage V., is plotted on the y-axis. The method provides only a relative
measure of the impedance and vibration strain, but it can also clearly show the resonances at
the same frequencies as for the other impedance methods.
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Fig. 32 — Resonance Spectra MET05 & MET06
left: METO5 spectrum | right: METO06 spectrum
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Using this method, the resonances are characterized by peaks instead of valleys, where
the vibration strain is the largest, and these can be found at 34 and 46 kHz for METO06 as well.
The graphs show that the two devices MET05 and METO06 have almost identical behavior,
which is expected, since they were built using the same procedure and materials. Fig. 33
shows the difference between using the impedance spectrometer, on the left, and obtaining
the impedance amplitude from the output voltage and current across the device MET04 using
an amplifier with low input voltage, on the right. All these methods equally provide a good
visualization of the resonances, of their frequency and sharpness.
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Fig. 33 — MET04 Spectrum Method Comparison
left: spectrum with impedance spectrometer | right: spectrum with amplifier and oscilloscope

Since the oscilloscope is not as precise as the impedance spectrometer, the very low
impedance in the right-hand diagram cannot be read accurately, which is why the anti-
resonances seem to disappear in a blur. However, due to the larger current at low impedances,
the resonance frequencies can be distinguished clearly using this method. Using higher
voltage leads to distortions in the impedance spectrum, due to the higher stresses on the
ceramic, which is why the impedance spectrometer is preferred. However, since the tests are
performed under high voltage and stress conditions, it also makes sense to examine the
impedance under these conditions as well. Above all else, the instruments used in generating
this type of impedance spectrum are readily available. The results show that the resonances
can easily be obtained using different methods and correspond to the estimates seen in the
simulation. To summarize, METO03 through METO6 all have the lone and main longitudinal
resonance around 34 kHz, which is slightly lower than the FEM prediction of around 38 kHz
but could be explained by slight deviations in the material parameters. METO1 has a higher
longitudinal resonance frequency which can be explained by its shorter length. METO04 has a
lower second resonance compared to the other devices and this could be explained by the
bigger screws used in the construction. The lower resonance frequency of METO02 is more
difficult to explain. Fig. 34 compares two impedance spectra of the device METO03 at different
moments of the campaign. It is suspected that the device overheated during the tests in May
2018. The longitudinal vibration mode must have shifted to 24 kHz, just like in the case of the
older METO02, due to the depolarization or fractures in the piezoelectric ceramic. The material
may have become more compliant, thus shifting the resonance to a lower frequency.
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Fig. 34 — MET03 Spectrum Comparison Before-After Thermal Event
left: before the thermal event | right: after the thermal event

MET-04 was used to demonstrate the influence of stack pre-load or bolt pre-tension on
the resonance spectrum. Fig. 35 shows impedance curves with different pre-load, controlled
by a torque-wrench and incrementally adjusted to provide an approximate stack pre-load.
Higher pre-loading seems to shift the main resonance frequency to the right, as the stiffness
of the actuator increases. Parasitic resonances can appear where the coupling is not ideal.
The behavior is repeated for both materials. The Q-factor also increases for the ideal pre-load
and decreases if the pre-stress is too high for the material. It should be noted, that the pre-load
is likely uneven because of the configuration using six smaller screws at the perimeter of the
stack instead of a unique central screw [108]. The best mechanical quality factor is obtained
for the higher pre-load of around 25 MPa, as shown in Fig. 35.
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Fig. 35 — MET04 Impedance Spectra vs Pre-load
left: 10 and 15 MPa pre-load | right: 20 and 25 MPa pre-load

These graphs show that a specific amount of pre-load provides the best coupling between
the piezoelectric and metal materials. This is recognized in the smooth spectrum with two
distinct resonance peaks and the absence of many parasitic resonances. If the coupling is
imperfect, several parasitic resonances can appear [110]. Moreover, the resonance
frequencies can shift if the pre-load is varied. Thus, the main takeaways are the following:
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e The presence of parasitic resonances depends on the coupling and the pre-load.
e The Q-factor of the resonance depends on the pre-load.
e The resonance frequency is shifted to the right when increasing the pre-load.

Next, Fig. 37 shows the influence of aging, humidity, and atmospheric pressure on the
impedance spectrum and the physical characteristics of the devices. The test conditions are
specified in the figure caption. One of the main causes for the discrepancies between the tests
would be the loosening of the pre-tension. As seen earlier, pre-tension influences the location
of the vibration peaks. Due to the mechanical mismatch between stainless-steel screws and
the brass mass, there were several instances of brass powder found in the setup after the
tests. Furthermore, the torque on all screws was adjusted on several occasions before and
after the tests. Again, there were several instances where the screws were not at the required
torque level of 0.45 Nm after a longer test or a series of tests.

The resonance spectrum shows that the various heating, outgassing, expansion, testing,
and cooling processes have a direct influence on the device’s response. Even if it the influence
of each parameter is not exactly known, it is certain that the bolt-brass connection is subject
to thermal expansion and vibration, and the material properties can vary with temperature and
stress. Fig. 36 shows some evidence of brass powder deposit on the copper block after a few
test runs, indicating the result of rubbing of the steel screws in the brass threads.
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Fig. 36 — Evidence of Brass Fig. 37 — MET06 Dependency of Impedance
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test condition #1: room temperature and atmosphere
(date: 30.09.2020) | test condition #2: room temperature
and vacuum (date: 01.10.2020) | test condition #3: after
pulse series, 43°C and vacuum (date: 02.10.2020) | test
condition #4: after cooldown, room temperature and
vacuum (date: 04.10.2020)

Finally, Fig. 38 shows the impedance spectra of the magnetostrictive actuator using
different masses. The figure shows how the resonance behavior of the magnetostrictor is
influenced by the weight of the attached tail mass, as described in the manual. Furthermore,
since this actuator is professionally designed with years of design optimization, the resonance
is very clear, and there are no parasitic resonances.
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Fig. 38 — CU18A Current Spectrum vs Mass Loading

An explanation was given of phenomena such as the resonances, the anti-resonances,
the effects of frequency shifting and pre-loading, as well as parasitic resonances. It is now
possible to select reasonable driving frequencies for all the individual stacks. At the same time,
the effects of vacuum, heating, and other test conditions on the behavior of the balance are
better understood. These graphs have shown the following important points:

¢ One of the major resonance frequencies of this type of device is around 34 kHz.

e There are several parasitic frequencies next to the main resonances.

e The gauge spectrum is comparable to the impedance spectrum.

e There are a few distortions when comparing the high current vs low current impedance
spectrum.

e The MET devices are not always similar.

e The presence of parasitic resonances depends on the coupling and the pre-load.

e The Q-factor of the resonance depends on the pre-load.

e The resonance frequency is shifted to higher frequencies when increasing the pre-load.

e The resonance spectrum can change after a series of tests due to thermal expansion,
loosening of the screws, change in the coupling between the parts, and possibly a
change in piezoelectric properties due to stress and fatigue.

3.1.8 Circuit Modeling

Modeling the piezoelectric transducer as a circuit element is a powerful tool that can help
in optimizing the amplifier circuit and understanding some resonance phenomena. There are
different circuits to model piezo-elements, and in the quasi-static regime, piezo-ceramics can
be considered simply as capacitors. However, for higher driving frequencies approaching a
vibration resonance, the impedance can change drastically and the typical equivalent circuit
model used is the Van Dyke Model [117] consisting of an RLC series connected to a capacitor
in parallel as shown in Fig. 39. The resistance represents the mechanical damping, the
inductance the mass, the capacitance connected in series is the elastic compliance and the
parallel capacitance is the electrostatic capacitance of the piezo-disk. The inconvenience with
the Van Dyke model is that it does not include hysteresis, material losses and only features
one resonance peak, while the different mechanical boundary conditions related to the
mounting structure of the actuator can lead to additional resonances. Even though, the model
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makes it easy to calculate a unique series resonance, where the impedance is minimized in
the lower branch of the circuit:

VG ' e

Fig. 39 — Van Dyke Equivalent Circuit Model [118]

The Sherrit model [118] showed that energy dissipation can be considered by introducing
complex values to the electric components. Finally, the Van Dyke model can also be modified
to include several resonances to represent different boundary conditions, by adding RLC
branches connected in parallel. The most recent model that can accurately represent complex
dynamic behavior for loaded and unloaded piezo-ceramics, was described by Kim [117]. Using
a simple procedure, all resonances and anti-resonances can be accurately modeled, as shown
in Fig. 40 and Fig. 43.
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Fig. 40 — Extended Kim Model for Loaded Piezo [117]

By using an impedance spectroscope, one can obtain the resistance and reactance curves
of the piezo-ceramic. The resistance value R, is determined from the resistance curve at very
high driving frequency. The capacitance C, is then determined by taking the negative inverse
of the reactance value at a very low frequency. The frequency at which the reactance is zero
is taken to be the parallel resonance frequency w,. Then, the resistance of the unloaded PZT
at the parallel resonant frequency is the value R, ,,,;. The quality factor is calculated from the

resistance curve using the 3-dB rule. Finally, the different elements can be calculated as
follows:
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Ri = Rpuni — Ro ) (82)
L, = R1/pr , (83)
Cy = 1/L w2 . (84)

This procedure can be repeated for all following resonances in the spectrum and is used
to characterize the different devices. Having the equivalent circuit for the different piezoelectric
actuators is a very powerful method to predict the current, phase, and power characteristics
for a given voltage and frequency using a simulation tool such as LTspice.

Using the techniques described above, the different circuits matching the spectra of the
different MET devices were obtained. Having the equivalent circuit models makes it possible
to predict the current for a given voltage and frequency, and thus, to know from the current
when some resonances have been shifted due to external conditions such as heating, higher
voltage, or the presence of a transformer. Furthermore, the circuit model allows for predicting
the influence of electronic components on the thruster behavior. As an example, the resistance
and reactance curves of METO1 were obtained using an impedance spectrometer (Fig. 41)
and were used to calculate the equivalent circuit (Fig. 42). A comparison between the
experimental and modeled impedance curves for METO01 is shown in Fig. 43. The piezoelectric
charge is modeled as a current source of 1 A in amplitude, to get the impedance directly from
the voltage measurement. The graph shows that the anti-resonances are well portrayed, and
the model can be improved if more parallel RLC branches are added.

In the right-handed figure, a comparison shows the effect of adding a transformer between
the current source and the piezoelectric element. The transformer is taken with a 1:2 ratio,
150 pH for the first coil, an internal resistance of 2 Q, and an ideal coupling. The graph shows
clearly that the anti-resonance peaks have been slightly shifted and the peak values have also
been modified. Thus, electronics can have a significant impact on the resonance spectrum of
the electromechanical system.
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Fig. 41 — MET01 Resistance and Reactance Curves
left: resistance curve | right: reactance curve
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Fig. 42 — METO01 Equivalent Circuit
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Fig. 43 — METO01 Spectrum Simulation
left: METO1 impedance spectrum comparison between calculated and measured data
right: simulation results with or without 1:2 transformer

3.1.9 Predictions

This section is completed by a summary table of the mass fluctuations and forces
predicted for the different devices and various conditions (Table 11). METO5 is chosen as the
model for all MET used, which should all yield very similar results.

Woodward’s MET or MEGA Drive [59] design supposedly generates both the mass
fluctuation and the actuation with a single voltage signal, relying on electrostriction within the
device to provide the required, synchronous acceleration. As seen before, the mass fluctuation
for the piezoelectric stack with an input signal V(t) = Vysin (wt) is given by Equation (51).
Since the actuation of the mass fluctuation now depends on the nonlinearity of the piezoelectric

stack, which can be represented by the nonlinear electrostriction parameter M;;, the
displacement is first given by:

x() = "2y ey , (@)

and after differentiation, the acceleration of the stack is given by:
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2M33QnVE w? (86)

X(t) = 7 cos(2wt)

Thus, using the mass fluctuation for a piezoelectric stack given by equation (51) and
combining it with the acceleration given in (86) and integrating according to equation (53),
assuming the phase difference to be zero, the resulting thrust force F),z; amounts to:

_ M33d§3LQ3n3V04a)4kA (87)
MET 210G c2pyl

This calculation represents a simplification of the dynamics of the device and is only valid
for the longitudinal vibration modes. The calculation is simplified by assuming that the device
is fixed at one end. In reality, the force should be dampened by the movement of the brass
mass in the opposite direction to the tail mass movement, as seen from the FEM results. A
more accurate prediction should consider the precise distribution of the mass fluctuation as
well as the movement or acceleration of every element of the thruster [70]. Furthermore, the
different piezoelectric, electrostrictive, elastic, and dielectric nonlinear parameters as well as
the influence of the bolt pre-loading should be integrated into the FEM as well. Obtaining an
exact solution is beyond the scope of the thesis, which focuses on experimental observations.
The simplified calculation, however, gives a reasonable estimate of the order of magnitude
expected, given the experimental parameters. It also underlines the influence of parameters
such as the quality factor, driving frequency, and voltage, which can be used to increase thrust.
A larger nonlinearity can also increase the predicted effect; however, the phase relationship
between the nonlinear effects and the driving signal is difficult to predict.

The force can be further increased by applying a harmonic component to the driving signal.
Indeed, if the voltage signal is represented by V(t) = %sin(wt) + %sin (2wt + @), then, the
acceleration can be provided by the larger piezoelectric effect, rather than relying on the
smaller nonlinear acceleration:

ds3;w?QnV,
—33w2Qn % sin (wt) - (88)

#(t) = —2d33w%QnV, sinQwt + @) —

Combining the mass fluctuation equation given by (51) with the acceleration from equation

(88) and integrating over a period, the resulting force should even be flipped in sign, depending
on the phase difference:

d3sQ°n*Vi w'ky

89
2nGc?p, (89)

Fyer = —

The predictions for the thrust force with the magnetostrictor are approximate calculations
using the displacement, resonance and impedance values obtained from the technical manual
for different loads, assuming again that one end is fixed or oscillating at a very low frequency
[111]. Furthermore, the nonlinearity in the magnetostrictor was neglected, as the current
spectrum did not reveal significant second harmonics in its operation. Thus, in the absence of
a synchronous acceleration of the mass fluctuation at 2w, single-sine driving of the
magnetostrictor should not produce any thrust. The mixed-mode driving, however, should
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produce a thrust according to the same procedure using equation (51), assuming the first
voltage component to be at resonance producing the mass fluctuation, and the second
component at double the driving frequency providing the acceleration. The mass fluctuation is
obtained strictly from the kinetic energy of the moving load, resulting in a thrust force expressed
in equation (90), having a dependence on frequency to the power of six, as derived before [70].

mw®xix,

=—— 90
Fyac 2nGe2p (90)

In the equation, m and p are the mass and density of the load, x; is the load’s vibration
amplitude at resonant driving frequency and x, is the amplitude for the second harmonic. The
results are shown in Table 11, and set the values expected in the experiments.

Parameter METO5(1)  MET05(2)  METO05(3)  METO5(4)  CU18A(1)  CU18A(2)
Condition Resonance Off Res. Mixed-90° Mixed-0° Mixed-0g Mixed -52¢g
;’He:']”e""y 36 60 36 36 18 9.6
Voltage [V] 180 180 90 90 60 60
Q-Factor 40 1 40 40 20 30
Energy [W] 180 36 180 180 18 76
Xif.iﬂﬂitig] 44-10"'  7.7-10* 11-107! 1.1-107' 2.2-10"2  5.7-1072
Thrust [N] 45-1072  5.4-107° 0 12-100  1.7-1072 0.125
Direction + + N/A — + +

Table 11 — Summary of Predictions

A simple analysis of the uncertainty propagation in the predictions considers a minimal
variation of 10% in the stiffness and Q-factor properties of the thruster. This estimate was
motivated by measurements of piezoelectric properties using a ds3-piezometer from Hantech,
providing an averaged error of 2% for the piezoelectric coupling of the SM111 disks. Examining
Equation (89), the total uncertainty in the MET thrust can be calculated as follows:

AF  Adz;  _AQ Ay Ak,

+3—+3—+— , 91
F ds3 Q n k4 ®1)

resulting in a total uncertainty of 76%. The same procedure using Equation (51) results in 54%
for the mass fluctuation in a piezoelectric stack. The small uncertainty in the commanded
frequency and driving voltage was neglected.

Regardless of these calculations, the minimum thrust predictions claimed by Woodward
et al. [16,82] using similar equipment range from 1 to 200 uN.
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3.2 Electronics

The amplifier electronics used in combination with the piezoelectric stacks have been
shown to have an incredible impact on the impedance spectrum of the MET and resonance
conditions. The electronics include the ones to drive the actuators such as the signal generator
and amplifier, but also others to analyze the signal responses such as different oscilloscopes,
instrumentation amplifiers, a lock-in amplifier, strain gauges, and voltage probes. The
instruments also determine the measurement resolution and accuracy in the experiment, and
so a summary of their capabilities is necessary.

3.2.1 Description

In Fig. 44, the electronics used in the MET experiment on thrust balances in vacuum
according to the original TUD setup are illustrated in a block diagram. In this setup, the
oscilloscope is also used as a frequency generator and its commanded voltage Vi qy, is
monitored. The passive piezo-disk embedded in the stack is called a strain gauge for simplicity,
and its voltage V. is measured using a differential probe connected to the oscilloscope. The
voltage over the poles of the DUT is termed V,,+. The individual components are described in
Table 12 and the amplifiers are described in the next sub-section. The current I, over the
DUT was measured using a current transducer in the amplifier box and converted to a voltage.

............................. VACUUMCHAMBER

THRUST BALANCE i

V_SG P SG

V_CURR
V_ouT
V_COM |
F_GEN [

PC V_CURR b/r[ \XF[
v_ouT | Li oot
V_IN

il

AMPLIFIER

Fig. 44 — TUD Electronics Diagram

In Fig. 45, the block diagram shows the CSUF electronics as tested in Dresden. The setup
is similar to Fig. 44 except the amplifier type and the 1:4 transformer used for impedance
matching of the MET. This configuration is almost identical to Woodward’s setup, valid
between 2001-2018, except that a different frequency generator was used [16].
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Fig. 45 — CSUF Electronics Diagram

Frequency Input/Output  Input Noise Resolution
Model Type Brand Range [MHz] Impedance [MQ/9] [uV] [bit]
5442B Oscilloscope Picoscope 60 1 /50 100 12
2445A Oscilloscope Picoscope 25 1/ 600 150 8
MFLI Lock-in Zurich 5 10 /50 43+ 16
Amplifier Instruments
PA04 Power APEX 0.1 1-105 /2 10 50**
Amplifier
Audi
pcmiooo  Audio Carvin 0.02 0.02/2 10 50+
Amplifier

* noise density in nV /\/Hz
** slew rate in V/us

Table 12 — Overview of Electronics

3.2.2 Characterization

A full characterization of the electronics was necessary to examine their influence on the
driving of the piezoelectric and magnetostrictive devices, as well as on the measurement of
impedance and current. Signal generation is the first step of the process, and the Picoscope
and lock-in amplifier from Zurich Instruments can be compared as signal generators using a
sinusoidal signal at constant voltage and frequency. The presence of noise, second harmonic,
or nonlinear content in the signal generation can be examined in Fig. 46. For these
measurements, the frequency generator output was simply connected to the input channel. A
Discrete Fourier Transform (DFT) is used to transform the time-domain signal to the frequency-
domain, using a sampling frequency of 4 MHz. The results show that the lock-in amplifier has
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a better frequency generator, as it includes less superharmonic content and is a more precise
instrument to read sinusoidal voltage; however, it was only acquired at the end of the test
campaign and was solely used for centrifugal experiments, shown in Chapter 5.

100 — — — : 1007 ‘ :
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2 =
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< < 10
10771
40710
10° 10* 10° 10° 10* 10°
Frequency [Hz] Frequency [Hz]

Fig. 46 — Frequency Generator Output Comparison DFT
left: Picoscope output | right: MFLI output

The Bode plots of the amplifiers in Fig. 47 were obtained from a DFT of the commanded
and output voltages measured in open circuit, and only show the linear response. The Bode
plots show the behavior of the amplifiers used across the relevant frequency range, more
information can be obtained in the respective technical manuals [119]. The vertical axis shows
the gain of the amplifier and the relative phase. The TUD amplifier was built by Dipl.-Ing. Jérg
Heisig using the PAO4 evaluation board, including a pre-amplifier and two PA04 high-voltage
operational amplifiers from APEX. The current was measured using a current transducer, the
LT6-NP from LEM. The plots show a constant voltage gain of 200 over the desired frequency
range, as is expected from a dedicated power amplifier for driving piezoelectric devices. The
Bode plot of the original audio amplifier used by Woodward also shows what is expected from
the datasheet: this A/B class amplifier is not meant for driving frequencies above 25 kHz, which
is shown by the variable voltage gain and the erratic phase behavior [119].
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Fig. 47 — Amplifier Bode Plots
left : APEX PA04 Bridge-Mode | right : Carvin DCM1000
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The next few plots show the noise and nonlinearity present in the amplification process
when a piezoelectric device is connected to the amplifiers. Of course, the noise level depends
on the impedance and the state of excitation of the device. Hence, DFT results are shown at
different excitation frequencies for both amplifiers. The graphs represent the output current
and the output voltage over METO05. Fig. 48 first shows the result of two different driving
frequencies using the TUD electronics. The graphs show a few peaks in the current waveform,
including a second harmonic peak, which is characteristic of the resonance mode since sub-
and superharmonics are excited simultaneously. Further away from the resonance, there are
fewer superharmonics excited, as shown in the left-hand diagram. In both cases, the output
voltage of the amplifier, however, does not present the same nonlinearity as the current
measurement, but rather a clear, distinct peak. The sampling rate used was 120 kHz.

: ‘ : : : 14
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Fig. 48 — TUD Electronics Output DFT
left: waveform 1 at 33.6 kHz | right: waveform 2 at 47.7 kHz

In Fig. 49 are the current and output signals from the CSUF electronics connected with
device METO05. In that case, the output voltage as well as the output current both present
several peaks when the thruster is excited near a resonance. These results show more
distortion, nonlinearity, and noise compared to the amplifier in the TUD electronics.
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Fig. 49 — CSUF Electronics Output DFT
left: waveform 1 at 31.8 kHz | right: waveform 2 at 36.7 kHz
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The next series of diagrams show the combination of METO05 with the different electronics
and their effect on the output signals. In Fig. 50, the output current in a driving frequency sweep
at constant input voltage between 24 and 48 kHz for MET05 connected to the different
electronic setups is shown. The curves were obtained by extracting the amplitude of the first
(1w) and second harmonics (2w) of the current signal through Fourier analysis. Both
frequency components are plotted on the same x-axis, the excitation frequency. Thus, the 2w
component for an excitation frequency of 35 kHz, for instance, was observed at 70 kHz. All
tests were performed with the same mechanical setup to compare the effect of electronics on
the resonance spectrum of the thruster and examine the different nonlinearities. The gauge
signal of the passive piezo-disk is not shown here, but was seen to follow the same nonlinear
behavior as the current.
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Fig. 50 — METO05 Electronics First and Second Harmonic Spectra
left: TUD electronics | right: CSUF electronics

The first graphs show the constant voltage amplification and the absence of nonlinearity
in the output voltage over the frequency range. The resonances are visible in the current and
gauge signal curves from the peaks at 31, 34, and 44 kHz. Furthermore, the nonlinearity in the
current is also increased around the resonances. As expected, since the audio amplifier's
performance depends on the load’s impedance, the voltage is not constant despite the
constant driving signal due to the fluctuating impedance of the piezoelectric load. There is
increased noise between 37 and 42 kHz, which is shown by the irregular distribution of values
in the left diagram, as well as the increased amplitude of the second harmonic signals in the
right diagram. The resonance frequencies are 29, 33, and 38 kHz and have been shifted to the
left when compared with the TUD electronics. Higher voltages can be reached, but there can
be no higher vibration, as the remaining energy is converted to heat. This was also observed
by Uchino [100] during the analysis of piezo-actuators under high-power driving conditions.

59



CHAPTER 3: ELECTROMECHANICAL CHARACTERIZATION

25¢ i i : : 10.4 5r i i i T 10.4
TUD-Trafo —Current (1w) [A] | CSUF-Trafo —Current (1w) [A]
—Current (2w) [A] [ —Current (2w) [A]
27 2
10.3 [ 10.3
< < < <
315 3 315 3
- N -~ [ N
< 02Z = 02 %
g g 9o . o
= E E 17 £
> > 3> >
(&) (@) (&) t O
10.1 [ 10.1
0.5+ 0.5-
0 T E— P — . 0 0 ;, | — P H S s PSR 0
2 25 3 3.5 4 4.5 5 2 25 3 3.5 4 45 5
Driving Frequency [Hz] «10% Driving Frequency [Hz] «10%

Fig. 51 — METO05 Spectra with Transformer (1:2)
left: TUD electronics with transformer | right: CSUF electronics with transformer

Adding a transformer between the device and the amplifier output results in changing the
impedance spectrum. As a result of the added transformer, the resulting voltage output was
not constant, even though the input voltage was, and it fluctuated by as much as 60% at certain
frequencies. As observed in Fig. 51, a new resonance frequency was created at 26 kHz, and
the peak current was at 31 kHz. The second harmonics spectrum shows nonlinearity in both
current and voltage waveforms. The next tests were performed by switching the TUD
electronics for the CSUF ones. Adding a transformer changed the spectrum more significantly,
since the audio amplifier is more dependent on the load. The voltage was not constant over
the frequency range, but the resulting output voltage and current were much cleaner, with a
single resonance at 32 kHz, less distortion of the signal, and less nonlinearity compared to Fig.
50.

These observations are consistent with the investigation of the piezoelectric properties
described in the previous section, and the simulation performed with LTspice, namely:

o The electronics should have a significant impact on the behavior of the device and
affect the experiments on the thrust balances.

o The amplifier electronics and transformers have been shown to modify the
electromechanical spectrum.

o There is a large nonlinearity present in the electromechanical spectrum, especially
around the resonances.

o The behavior of the CSUF electronics presents more noise and nonlinearity than the
TUD setup.

Additionally, one could match the load impedance with the output impedance of the
amplifier by adding inductive and capacitive loads, as well as using transformers, to maximize
energy transfer from the amplifier to the device. However, this was not performed in this
research due to the only marginal potential gains, and also since the impedance of the devices
changed constantly due to changing external and internal conditions such as heat, stress, and
changing material properties.
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3.3 Torsion Balances

This section describes the TBs and the mechanical aspect of the MET experiment setup.
Torsion balances stem from the earliest type of balance used for the measurement of
gravitational attraction, the Cavendish balance, and they rely only on one pivot axis
representing only one degree of freedom. TB1 and TB2 were both developed and assembled
by colleague Dipl.-Ing. Matthias KéRling [76] and are similar to the TB used by Woodward [16]
and by Buldrini et al. [81,120] at the research center FOTEC in Austria as pictured in Fig. 10.

3.3.1 Description

To provide the most accurate force reading, the balance beam is allowed to rotate as freely
as possible from mechanical interactions like friction or cable tension. The device-under-test
(DUT) is placed in one of the boxes at one end of the balance beam, while a counterweight is
placed on the other side of the beam to even out the moments on the beam support. A Fabry-
Pérot type interferometer with 1 pm resolution from attocube (IDS3010), and 2 nm noise at
ambient temperature, detects the displacement of the experiment box with great accuracy. The
beam displacement can be converted to a force, with the knowledge of the balance’s stiffness
and beam length. In practice, the calibration of the balance is performed by imparting a force
on the other end of the beam using a voice coil (VC) system to impart a known force; the
copper coil is placed on the fixed structure next to the balance, and the permanent magnet is
attached to the moving beam. Thus, the performance of the balance depends on the accuracy
of the interferometer, the friction-free rotation of the central pivot point, and the linearity of the
VC calibration.

The realization of the fifth iteration of the nano-newton TB is presented as a rendered CAD
model in Fig. 52 on the left, and a picture with parts descriptions on the right. Both are isometric
views of the balance. Liquid metal contacts are essential to providing power to the experiments
on the balance without adding torsional forces on the beam. The low viscosity, good
conductivity, and very low vapor pressure of Galinstan are especially useful for high-precision,
frictionless vacuum experiments [121]. The experiment box can be rotated by a motor to test
different thruster orientations without having to break vacuum. The calibration is performed by
applying known forces with the VC using a precise current source and by measuring the
resulting beam displacements. The different parts and the calibration process are described in
more detail in a separate publication [22].
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Fig. 52 — TB1 CAD and Picture
a) aluminum profile structure, b) tilt motor controls and shaft, c) torsion bearings from C-flex, d) liquid Galinstan
power contacts, e) high-frequency feedthrough (not used), f) VC, g) adjustable eddy-current damping, h) central
pivot rotation motor, i) experiment box rotation motor, j) experiment box with mu-metal shielding,
k) electronics box with mu-metal shielding.

The next iteration, TB2, was made to accommodate smaller experiments to increase the
measurement accuracy and the electromagnetic shielding. It is shown in Fig. 53 and described
in more detail in a separate publication [76].

electronics box

experiment box

Fig. 53 - TB2 CAD
left: CAD isometric render | right: CAD isometric view with descriptions

Again, the important elements are the VC, the source-meter for calibration and precise
command of the calibration force, the liquid contacts that offer force-free power transmission,
the damping, the interferometer, and the overall geometrical features of the balance. Balance
TB2 is nimbler than balance TB1 but it can also support less experimental load. Furthermore,
TB2 integrates better electromagnetic shielding of the cables and experiments using mu-metal
plates on the beam.
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3.3.2 Characterization

The balances underwent different tests to characterize their time-response, and reaction
to experimental artifacts and noise over different time periods. A thorough error analysis of the
voice-coil calibration and behavior of TB2 already identified an absolute error of 6.4 % for a
measured force of 1 uN and 11.9 % for a 10 nN force measurement [76]. The uncertainty for
TB1 was estimated around 10 % for a 1 uN force measurement [23]. The tests shown in this
section included a 3-axis calibration, pulses of different lengths, square and sinusoidal
excitation with the VC, as well as noise evaluation in different conditions. This way, the
damping and period of the balance were first investigated using the simple pulse response. By
varying the position of the copper plate within the magnet, it was possible to vary the strength
of the eddy-current damping. Fig. 54 shows the input VC pulse and the balance responses
next to one another for both balances at a fixed damping ratio. These force diagrams show the
calibrated force equivalent to the observed beam displacement, as well as the calibrated force
equivalent to the commanded voice coil current. The pulses were also used for the regular
balance calibration performed at least once a day, before and after each test series, where the
steady-state force after a generous 10 s overshoot is selected as the average force for the
calibration plots. The ideal damping was selected for a minimal overshoot, corresponding to a
damping ratio of about 0.8 as suggested in the literature [122].
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Fig. 54 — Voice Coil Pulse Responses
left: TB1 | right: TB2

Another important measurement is the noise experienced over different time intervals. The
noise seen in an interval of around one minute is one that particularly affected the force
measurements. Fig. 55 represents one balance response profile for each balance and shows
the noise over a short-term period. It can be seen, that TB2 is subject to significantly less noise
than TB1. Of course, several force response profiles can be averaged to reduce the overall
noise in the force measurement. Note that the sampling frequency of the noise measurement
for TB1 was around 10 Hz compared to 100 Hz for the TB2 measurement, which explains the
fuzziness appearance of the right-hand diagram.
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Fig. 55 — Short Term Noise in Vacuum
left: TB1 | right: TB2

Fig. 56 plots the balance drift over a longer time interval resulting in around 10 nN/min for
TB2 and 8.3 nN/min for TB1, with the same sampling frequency of 10 Hz for both balances.
The drift is most likely due to the small temperature change over the day-night cycle and the
thermal expansion of the parts of the mechanical system. The difference between the two
balances can be seen again in these longer-time samples. Since the force response line is
finer for TB2, generally indicates less noise compared to TB1, as was seen in Fig. 55.

TB1 ] B2

Force [uN]
N
Force [uUN]

0 2 4 6 8 10 12 “0 5 10 15 20 25
Time [h] Time [h]
Fig. 56 — Long Term Noise in Vacuum
left: TB1, start time 00:00 | right: TB2, start time: 06:00 (March)

Then, reaction time tests were conducted with pulses of different lengths to examine the
balance response over a broad frequency range. This test is relevant since the piezoelectric
resonant conditions might only be active for a few milliseconds or a few seconds at a time. The
tests show the maximum force reached depending on the length of the pulse. This behavior
can also easily be simulated by a single degree-of-freedom (DOF) spring-mass system for
shorter pulses, while the VC command is not adapted for repetition rates above 1 Hz. These
measurements were only conducted with TB2 and are shown in Fig. 57, where the commanded
pulse and the converted beam displacement are plotted for different pulse widths. The results
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show that the balance can react quickly to the 0.5 s pulse, albeit with only about 30% of the
commanded force.

Force [uN]
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Fig. 57 — TB2 Reaction Time Tests

N

In another characteristic test, a sinusoidal forcing function with a driving frequency of
0.5 Hz and 1 uN amplitude was commanded with the VC to simulate the action of a vibrating
device. The results are shown in Fig. 58. The typical switching transients can be observed,
similar to what was observed by Woodward’s MET experiment results shown in Fig. 11. The
forcing function of 0.5 Hz can be seen in the balance response, and the switching transients
assume a greater amplitude than the balance response at the driving frequency. The
equipment, however, dictated an upper limit of less than 1 Hz for this experiment.

0.15¢

—Measured [uN]

0.1

0.05+

Measured [uN]

-0.05

-0.1°-

Time [s]

Fig. 58 — TB2 Sine Response
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The different axes of the balance were also calibrated to determine the influence of forces
in other directions on the balance response. A picture of the setup in Fig. 59 shows the two
permanent magnets mounted on the balance beam and the supporting structures for the voice
coils for the vertical and thrust test axes. The voice-coil in the parallel/aligned configuration is
not shown in the picture.
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Vertical

> C»}Parallel
Thrust

Balance Beam

Fig. 59 — TB2 Vertical VC Test Setup

The vertical and aligned VC tests resulted in the force responses shown in Fig. 60, proving
that the forces in these axes should not result in a significant force. The ratios of the transverse
and parallel forces to the commanded voice coil force were only 0.4% and 0.2% respectively.
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Fig. 60 — TB2 Vertical and Parallel VC Test Results
left: vertical voice-coil setup | right: parallel voice-coil setup

3.3.3 Simulation

Both TBs were simulated using a single DOF spring-mass model shown in Fig. 62. The
model is useful to predict the balance’s behavior for different types of forces, pulse lengths,
and forcing functions. It also makes it easier to determine the deviation of the balance response
from normal operation to identify experimental artifacts. Fig. 61 compares the 1D Matlab model
with the balance response for TB2. First, the equation of motion is stated:

1% lwg . ]
r—2+2( r—2x+r—2x=F ) (92)

where [ is the rotational inertia of the balance beam, r is the rotation radius or half the beam
length, w, the natural frequency of the balance obtained through experiments, the damping
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ratio ¢ was obtained through trial-and-error, and the rotational spring constant J is given by the
supplier [77]. The mass, m, damping, ¢, and spring constant, k of the spring-mass system
pictured in Fig. 62 were obtained using these quantities.

The boundary conditions are summarized below,
x(0) = 0, x(0)=0 . (93)

The list of parameters for TB2 is contained in Table 13, and Fig. 61 shows that the model
is very accurate and was used in Section 4.2.4 to analyze different possible artifacts.

Balance Rot. Inertia Radius Frequency Damping Rot. Stiffness
[kg-m?] [m] [rad/s] Ratio [N-m/rad]
TB2 0.2 0.35 0.34 0.8 0.0234

Table 13 — TB2 Balance Model Parameters

Balance Test and Matlab Simulation
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Fig. 61 — TB2 Response Simulation Fig. 62 — Single DOF Spring-Mass
System

3.4 Double-pendulum Balance

This section describes the inverted double-pendulum balance and its characterization.
DP1 is a different style of balance that relies on dynamic equilibrium and was created and
assembled by colleague Dipl.-Ing. Oliver Neunzig. In contrast to TBs, which only rely on one
pivot axis, the double-pendulum balance relies on nine pivots. The balance, its calibration, and
all the individual parts are described in detail in a separate publication [26]; its accuracy was
tested in the measurement of a photon thruster, which resulted in an error of only 15.9% in the
measurement of a 2 nN force.
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3.41 Description

To provide the most accurate force measurement, the platforms are allowed to rotate as
freely as possible from mechanical interaction, exempt from friction or cable tension. The DUT
is placed on the upper platform of the balance beam, while a counterweight is placed on the
lower platform to balance the moments on the balance beams. The same Fabry-Pérot
interferometer (IDS3010) from Attocube as used for the TB with 1 pm resolution, 2 nm at room
temperature, detects the displacement of the experiment with great accuracy. Calibration of
the balance is performed by imparting a force on the other end of the beam using a calibrated
VC; the copper coil is placed on the fixed structure next to the balance, and the permanent
magnet is attached to the moving platform. Thus, the performance of the balance depends on
the accuracy of the interferometer, the friction-free rotation of all pivot points, and the linearity
of the VC calibration. Below is a sketch of the concept. The main difference with this balance
lies in the different supports for the experiment since each plane is connected to three flexural
bearings, ensuring more twisting stability. The nine pivot bearings allow all three platforms to
deflect according to the sketch below. The platforms allow better stability and resistance to
undesired torques coming from the DUT, as opposed to the TB. The image of the CAD concept
shows the fully built balance with the three beams, the aluminum profile structure, and the
liquid metal contacts in the far corner are also using Galinstan. The VC calibration system is
located on the lower platform, on the same side as the lens and laser interferometer. Fig. 63
shows the double-pendulum balance sketch, CAD, and the assembled instrument is shown in
the large vacuum chamber (LC) in Fig. 64.

MET -
@ "
VOICE COIL
IDS3010
o B/
—

AX

Fig. 63 — DP1 Sketch and CAD
left: CAD generated picture | right: concept diagram

68



CHAPTER 3: ELECTROMECHANICAL CHARACTERIZATION

Fig. 64 — DP1 Picture

The force measurement capability of the DP1 is about the same as TB2. The differences
to the TB are not numerous, but the test object is supported by a stable platform with three
support points, rather than being placed on a single beam.

3.4.2 Characterization

The first tests performed in the framework of the calibration showed that the balance could
be simulated using a 1 DOF mass-spring system as well. This behavior was precisely analyzed
in a pulse response plotted in Fig. 65, which shows that the settling time of the balance is
slightly shorter than 20 seconds after a slight overshoot.
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Fig. 65 — DP1 Voice Coil Pulse Response

The next set of characteristic tests consisted of a series of fast pulses using the VC and
precise command of the current with the current source. An interesting result shown in Fig. 66
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demonstrates that a forcing frequency above 1 Hz cannot be seen in the balance response,
but a larger transient is detected nonetheless. The DC component of the force is only seen if
a positive bias is added to the oscillation. When alternating the force pulse using a sinusoidal
forcing function, the forcing frequency of 0.5 Hz could be seen and the switching transients
were also observed just like in Woodward traces [16] and the results with TB2 [24].
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Fig. 66 — DP VC Pulse Tests
left: 0.5 Hz sinusoidal oscillation | right: 1 Hz square pulses

Fig. 67 shows the noise during a night log of the balance behavior in the vacuum chamber.
The noise is shown over short- and long-time intervals. Sources of transient noise can include
walking colleagues, vibrations from cars on the pavement near the building, oscillations of the
rest atmosphere, or changes in the temperature of the mechanical parts. The long-term drift is
calculated to be about 180 nN/min, one order of magnitude greater than the TB drift. This
behavior can be explained by the increased complexity of the balance, the number of parts
that can be affected by thermal expansion, and the increased surface area subject to the rest
atmosphere. The short noise segment shows the absence of high-frequency vibration, most of
the noise observed is due to the balance drift, which can be removed mathematically.

0.2

w

o
—
-

N
[&)]

0.15] ol
g 01 g
5 510/
[T [T [

0.05 5

0 10 20 30 40 50 60 0 2 4 6 8 10
Time [s] Time [h]

Fig. 67 — DP Noise Log

left: short-term noise | right: long-term noise, start time 01:00 (February)
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There were no tests in the vertical and lateral directions like with TB2, so this balance is
not as well characterized as the TB. However, since the platforms of the balance are more
stable than the torsion beam in response to transverse forces, it can be assumed that the
balance response to forces coming from other directions than the thrust direction are even
lower than with TB2.

3.5 Laboratory Setup

Most experiments were performed in vacuum during the night and during the weekends
to avoid noise and distortions coming from walking colleagues or cars circulating in the
neighboring streets. Thus, the tests were largely automated. The description of the vacuum
setup and automatization methods include the vacuum chambers, the measurement loop, the
LabVIEW software, and the test structure.

3.5.1 Vacuum Chambers

Two vacuum chambers were available, although most experiments were performed in the
LC, pictured on the left in Fig. 68. The Large Chamber (LC) is 1.45 m long and has a 0.88 m
diameter, with a whole volume of 0.88 m3. It is equipped with a pre-vacuum scroll pump and a
high vacuum turbopump. The Overly Large Chamber (OLC), pictured on the right, is equipped
with a pre-vacuum scroll pump and a very high vacuum cryopump. Its dimensions are 1.2 m
by 1.5 m by 2.5 m with a total volume of 4.5 m®. The pictures portray an isometric view of the
respective chambers.

Fig. 68 — Overview of Vacuum Chambers
left: Large Chamber (LC) | right: Overly Large Chamber (OLC)

Table 14 summarizes the important parameters of these chambers and their pumps.
Reaching a high vacuum was possible with both chambers, however, the end pressure was
lower in the OLC because of the cryopump. Both the turbopump and the cryopump added a
high-frequency vibration component that was detected by the balance, and thus had to be
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turned off during the measurement. The vibration of the scroll pumps was significantly lower
and was not transmitted to the balances. The average mean-free-path (MFP) and Knudsen
numbers are calculated using known formulas and can also be found in the table. According
to the Knudsen number given by Equation (94) for a Boltzmann gas,

kyT A

" maL L o

where the characteristic length is the diameter of the vacuum chamber, the flow can be
characterized as such:

K,<1 Continuum flow
001 <K, <1 Slip flow
0.1<K, <10 Transitional flow

K, > 10 Free-molecular flow

The results show that the air flow in both chambers after using the pre-vacuum pump stays
in the continuum regime. Using the cryopump results in a free-molecular flow with very rarefied
air. The flow in the LC chamber is in the transitional regime. One of the test batches was
performed in the OLC at very low pressure to provide a comparison and examine the influence
of the flow regime in the chamber.

Suction  Ultimate Average

Pump Chamber Model Brand Power Pressure MFP Knudsen

. Number
[L/min] [mbar] [m]

Scroll LC XDS35i Edwards 580 1072 1.1-1073 0.001
HiPace . -7 -1

Turbo LC 2300U Pfeiffer 32 10 5.7-10 0.648

Ecodry 65

Scroll oLC Pl(ilos VO Leybold 920 1072 1.9-1073 0.002
Coolvac _9 4

Cryo oLC 10000 iCL Leybold 167 10 5.7-10 47500

Table 14 — Vacuum Pump Features

The pressure curves for both types of vacuums can be seen in Fig. 69. The experiments
were mostly performed in the medium vacuum from the scroll pump at a stable pressure of
0.03 + 0.004 mbar. The scroll pump was always left on during the experiments and the
chamber pressure was held constant. The pressure is not plotted along with the force
measurements, since it was observed to stay at the pump’s end pressure without significant
deviations.
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Fig. 69 — Vacuum Pressure Curves

3.56.2 Software and Test Setup

The test setup is described in Fig. 70 and it consists of the TB with the test device and
electronics, as well as the vacuum chamber and the data acquisition system. To communicate
to the balance and collect data, a vacuum chamber feedthrough is necessary. The box
containing the DUT is the experiment box, and the other side is the electronics box. All
electronic devices used in the tests such as the amplifiers (AMP), power supplies, sensors,
gauges, motors, and communication devices are outside of the vacuum chamber and were
implemented in LabVIEW by Prof. Tajmar to allow automated control. Signal sampling,
processing, automation, script, and averaging of the data were also performed using LabVIEW.
Fig. 70 shows the flow chart of the test setup, the vacuum chamber feedthrough, and the
connection with the balance and electronics box.

PC LC

OSCl

AMP

Fig. 70 — Balance Test Setup
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The oscilloscope (OSCI) was connected to the PC and LabVIEW was used to coordinate
the signal generator and power supplies. The devices were mostly connected through a MOXA
card and a COM port allowing them a data transfer rate of 9600 bits per second. The
experiment management software set a data sampling rate of 10 Hz, thus allowing enough
time for the communication with all active devices. Some devices, such as the pressure gauge
from Pfeiffer, sometimes needed longer than 0.1 seconds to communicate the pressure value,
which resulted in the program copying the same value for multiple time entries in these
occasions. In Table 15 is an overview of the devices that were connected to the LabVIEW
Software and includes thermocouples, a Pfeiffer vacuum gauge, four oscilloscope channels, a
frequency generator, power supplies, the interferometer, the stepper motor for rotating the
experiment box, analog-to-digital input converters (Labjack) for temperature reading. For faster
reading in the case of a higher sampling rate in the case of sweeps or other tests, a few devices
were disconnected. An attempt is made in Table 15 to summarize the communication
parameters between the devices and the PC using LabVIEW. The entries in Table 15
correspond to the maximum capacity of the devices.

Max Data Rate Data Size

Device Model . Connection
[Hz] [bits]
ADC Toolkit Labjack T7 ~100 12 uUsB
Attocube "
Interferometer IDS 3010 60 12 Ethernet
. Picoscope 4
Oscilloscope 54498 4-10 12 USB/WIFI
OWIS DMT-
Motors 100-D53 80 <120 uUsSB
Pressure Gauge Pfeiffer PKR361 40 240 Serial
Power Supply EA-PS 5200 50 192 uUsB

*analog output

Table 15 — Device Connections

The test profile structure is detailed in Fig. 71: Sector 1 is the first delay, Sector 2 is the
ramp-up time, usually very short with 0.1 s, Sector 3 is the main pulse where the electric field
is applied, Sector 4 is the ramp-down time, again very short with 0.1 s, and Sector 5 is the final
delay, allowing the balance to settle down again. This profile structure is maintained throughout
the entire test campaign.
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Fig. 71 — Profile Structure

The results can also be visualized, sorted, filtered, and adjusted in LabVIEW to remove
all sorts of drifts and outliers, and to reduce the overall noise. The individual runs or an average
of all the runs can be visualized as well as all the different parameters monitored such as
current, voltage, temperature, pressure, etc. The tests were all automated and written using a
script file along with the proper settings. The standard test run is composed of five sectors,
portrayed in Fig. 71. This format allowed an automatic averaging of runs. Different drift removal
techniques for data analysis can be implemented in one or more specific sectors.

Furthermore, the resonance tracker was programmed in LabVIEW specifically for the MET
experiments. By commanding a constant voltage, measuring the current over the MET, and
varying the driving frequency over the range of interest between 24 and 48 kHz, the
resonances and their associated current peaks can be identified. After having performed a
sweep and selecting the smaller frequency range in the area of the peak, the resonance tracker
automatically varies the frequency back and forth to increase the output current and stay on
resonance. The step size and time increment can be varied to optimize resonance tracking.
The tracker was used in the TB1 experiments.
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Lastly, another important LabVIEW feature that was programmed to simplify the data
analysis is called drift removal or thermal correction and is explained in detail in a previous
publication [23]. The feature is shown here again for completeness. In all diagrams shown in
Chapters 4 and 5, the balance drift of Sector 1 has been removed, as it applies to all three
sectors equally, and does not originate from the DUT. Furthermore, the thermal drift in sector
3 has not been removed unless specified by the mention “thermal correction (TC)”.
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Fig. 72 — Drift Removal Process [23]
top left: raw data with sector 1 fit | top right: data with sector 1 drift correction
bottom left: raw data with thermal correction fit | bottom right: data with thermal drift correction
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4. Thrust Balance Experiments

This chapter contains a summary, analysis, and discussion of the tests performed with
TB1, TB2, and DP1. Each section gives an overview of the experiments performed on a single
balance. The test results are grouped in sub-sections for each DUT, and each one includes
pictures of the experimental setup, describes the test framework, and presents the force
diagrams for key experiments. Each chapter is followed by a discussion of the lessons learned
and the observations made. The results show the force measurements, or converted beam
positions, as well as the voltage (Vyyr) or current (I,y7) over the DUT during the experiments.
The y-axis just represents force, voltage or current. Table 16 first regroups the capabilities of
each thrust balance and compares them to Woodward’s TB.

Balance Bearing Max. Load Period Resolution Noise Beam Length

[kl [s] [nN] [nN] [cm]
TB1 E-20 (2) 10 20 5 11 81
TB2 A-20 (2) 2 15 0.5 1 70
DP1 DD-10 (9) 10 12 0.5 1 30
WW [14] E-10 (2) 5 5 100 200 44

Table 16 — Overview of Thrust Balance Properties

4.1 Torsion Balance | Test Results

411 Dummy Tests

The first tests consisted in examining electromagnetic and thermal interactions on the
balance. Dummy tests help to detect experimental artifacts linked with the operation of
electronic devices on the balance that can be mistaken for thrust. Knowing the cause of
experimental artifacts enables one to reduce or eliminate the source of noise to obtain clearer
thrust signals during experiments, or if the source of noise cannot be eliminated, to identify the
level of distortion from experimental artifacts, as well as the balance’s measurement limit. Once
voltage is applied to resistors, for instance, current flow generates heat as well as a small
magnetic field due to the inductive properties of nonideal resistors and cables leading to it.
Since the resistors are not intended to produce thrust, any beam deflection represents an
experimental artifact. The dummy tests included both DC and AC voltage experiments to
examine their interaction with the balance, although, there are no DC components during MET
experiments. The resistors had a total resistance of 26 or 33 Q, chosen to approach the MET
resistance around resonance. The resistors can be seen on the balance in Fig. 73. The
experiment box was not rotated in different directions for this experiment. Table 17 summarizes
the parameters and test conditions for all dummy experiments.
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Fig. 73 — TB1 Resistor Dummy Test Setup

Resistor No. No. Voltage Pulse Time Signal
Tests Profiles \"J| [s] Type

3340 4 200 28 60 DC
330 1 200 28 60 AC

26 Q) 2 160 75 25 AC

Table 17 — TB1 Dummy Test Series

The plots seen in Fig. 74 show the results of DC voltage tests with the resistors. The force
measurement shows noise with an amplitude of 0.1 uN at the sampling frequency of 10 Hz.
The high-pass filter of the interferometer was set to 20 Hz. The TC graph on the right, shows
how the thermal drift resulting from the current flow can simply be removed over the entire
profile. Thermal correction also reveals a negative offset of around 0.2 pN in the force baseline
during Sector 3, during which a voltage is applied. The offset most likely results from an
electromagnetic interaction, since the temperature increase was below 0.1 °C.
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Fig. 74 — TB1 Resistor DC Test

left: no thermal correction | right: with thermal correction
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AC voltage tests were conducted with a current of 3 A at a frequency of 9.6 kHz. The
oscillation results in a stronger interaction with the balance, as seen by the stronger drift of
1.5 uN after applying the current, in Fig. 75. The behavior could be due to the thermal drift,
since the current was higher than in the previous experiment, however, the increase in
temperature as measured by the thermocouple on the copper block is below 0.5 °C. Moreover,
after TC, the force trace shows a Woodward-type trace with small switching transients, as seen
Fig. 12, with a steady-state component of around 0.25 uN. The effects seen in individual
profiles are very close to the noise of the balance which is why the test runs are averaged over
200 profiles to increase the SNR. Thus, the dummy tests show the presence of thermal drift
and possibly electromagnetic interaction (EMI). Fortunately, these effects are smaller than the
predicted thrust levels.
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Fig. 75 — TB1 Resistor AC Test
left: no thermal correction | right: with thermal correction
41.2 CU18A

The magnetostrictor was introduced in Section 3.1.4 and was driven at different
frequencies with a fixed voltage. During the tests, possible artifacts include the presence of
EMI, thermal effects, and vibration. Heat generation is kept minimal, since the device has good
thermal insulation and a copper plate was added to quickly dissipate the heat. The predicted
Mach-effect thrust force for the magnetostrictor with an attached mass of 52 g is 0.125 N for
the mixed-mode driving. In the absence of a significant nonlinear signal, the predicted thrust
for the single-sine driving is close to null. As seen previously, the resonances should be around
17 kHz without tail mass and 9.6 kHz with it. In Fig. 76, the actuator is mounted on the PEEK
plate inside the experiment box on TB1. The orientation seen in the figure on the left
corresponds to orientation 0° with the mass located on the right and the actuator is in the
balance’s torsional plane, perpendicular to the balance beam. According to the balance
configuration described in Chapter 3, a positive balance displacement or positive force entails
that the thrust force is directed towards the end with a mass resulting in a clockwise rotation
of the balance arm; thus, the actuator below would be moving to the left. 90° is the orientation
shown on the right with the mass on the outside of the balance; the experiment box is simply
rotated by 90° in the clockwise direction. Table 18 summarizes the tests performed with the
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magnetostrictor. The sensors that can be seen mounted to the side of the actuator are infra-
red temperature sensors (MLX90614).

Fig. 76 — CU18A Magnetostrictor Test Setup
left: 0° configuration | right: 90° configuration

No. Mass No. Voltage Pulse Time Signal

Tests [a] Profiles V] [s] Type | articularity
10 0/52 200 75 20 Single Tracker
15 0/52 160 37 60 Mix No Tracker

2 0/52 160 75 25 Sweep No Tracker

Table 18 — TB1 Magnetostrictor Test Series

The first tests were performed without a tail mass attached to the magnetostrictor and the
results are shown in Fig. 77. Again, a comparison between graphs before and after TC for the
0° configuration shows how the balance drift can be removed. These tests also represent good
dummy tests, since there is less thrust predicted for this configuration. The difference between
0 g at the tail mass and 52 g at the tail mass represents an increase from 36 W to 100 W in
driving power. In this case, the 0°, 90°, and 180° orientations were tested, and are shown in
the diagrams. The signals observed during active voltage are just above the noise in all cases,
have the same shape as the noise peaks, and do not exceed 0.3 uN in magnitude. In all cases,
the maximum power output by a single-chip amplifier PAO4 was for a voltage of 75 V,
corresponding to a current of 2 A. The resonance frequency of 15.4 kHz was set to reach
maximum vibration amplitude without a mass. This frequency is lower than expected, and can
be due to the higher driving voltage. A double-peak of 0.3 to 0.5 uN was detected, despite the
high noise, with the force direction independent of the device’s orientation. The results each
represent an average of 200 profiles. The effect does not seem to represent unidirectional
thrust, otherwise, the force would be reversed at 180°, and a different magnitude would be
observed at 90°.
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Fig. 77 — TB1 CU18A 0 g Tests
top left: no thermal correction 0° | top right: 0° with thermal correction
bottom left: 90° with thermal correction | bottom right: 180° with thermal correction

The next experiments were performed with a 52 g stainless-steel mass attached to the
end of the actuator through a screwed connection. The maximum power output was selected
for this configuration at the resonance of 9.6 kHz for a fixed voltage of 75 V. The preloading
torque was 0.5 Nm on the screw. All three configurations were tested (0°, 90°, 180°). In Fig.
78, it can be seen that the tail mass has a great influence on the behavior. This time, the signal
is greater than the noise. The graph without TC shows that the effect is almost immediate and
that the force trace does not go back to the zero line after turn-off. Removing the thermal drift
using a linear function has the effect of introducing switching transients, mostly due to the
nonlinear nature of the effect. The same behavior can be seen when rotating the actuator to
90°, however, the force is inferior, with about 0.1 uN amplitude compared to 0.3 pN for 0°. Also,
the force for both 0° and 180° configurations points to the same direction, which does not
correspond to the concept of thrust. One graph also shows the current curve, which is seen to
vary despite the constant voltage because of the changing driving frequency and impedance
as a result of the tracking process. The programmed tracker modifies the commanded
frequency as it tries to optimize the current. The optimal current is found towards the end of
the pulsed time, but it does not result in a significant change in observed force. These results
show how applying TC during data analysis can result in unexpected transients, when the drift
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is even slightly nonlinear. The temperature curve shows the temperature of the moving mass,
the temperature of the actuator body did not increase significantly during the experiment.
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Fig. 78 — TB1 CU18A 52 g Tests
top left: no thermal correction 0° | top right: 0° with thermal correction
bottom left: 90° with thermal correction | bottom right: 180° with thermal correction

Lastly, tests were performed using a mixed-mode signal that allows two signals to be
superposed. Using this method, the value of the second harmonic vibration can be increased,
in order to generate the expected thrust according to the derivation in Section 3.1.9.
Unfortunately, the voltage amplitude of the first harmonic to accommodate the signal
superposition with the second harmonic. Nevertheless, the predicted force should be around
0.125 N for a phase difference of 0° between the two signals. In this test series, the mixed-
mode signal was applied for 30 seconds with different relative phases between the two signals
to cover all the possible phase relationships. Furthermore, the commanded frequency was
maintained constant instead of using the tracker. The application of 37 V at 9.6 and 19.2 kHz
is shown by the shaded area in the diagram.

Fig. 79 shows how all the different phase sweeps remain within the noise of the balance.
The increased noise in comparison with the previous figures is due to the fewer number of
profiles used for the average, each result being an average of only 5 profiles. Regardless of
the phase, the measured force remains within the noise and is lower than 0.3 pN in amplitude.
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This phase sweep test shows that any variation in phase between the mixed signals did not
lead to an increase in the effect, despite the prediction. The results do not agree with the
concept of thrust from the derived Mach-effect and the corresponding increase for the mixed-
signal driving.

_¢ =Q°
—¢ =-18°

¢ =-36°

¢ =-54°
—¢ =-72°

Voltage [V]

\z A

Force [uN]

Time [s]

Fig. 79 — TB1 CU18A Phase Sweep

413 METO03

This sub-section describes the test results of the first Woodward-type device to be tested
on TB1. METO3 was tested with amplifiers PA04(1) single-mode, PA04(2) bridge-mode, and
PAO04(1) single-mode with a transformer with a 1:4 coil ratio, but without Carvin amplifier from
the CSUF electronics. The effect of the electronics was investigated. The device is placed in
the 0° configuration since its longitudinal axis is in the torsional plane of the balance, or slightly
above, and perpendicular to the balance beam. Also, its brass mass is on the left as shown in
Fig. 80, meaning that a positive force or beam displacement are connected with a thrust force
in the direction of the aluminum and the net displacement in the direction of the brass, or a
clockwise rotation of the balance arm as seen from above. The device is mounted on a
polyethylene (PE) piece connected with a stainless-steel screw to the experiment-box platform.
In the first half of these experiments, the device was not placed in the middle of the box. The
test parameters are summarized in Table 19.
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Fig. 80 — TB1 METO03 0° Configuration Setup

No. Orientations .No. Voltage Pulse Time Signal Mounting Electronics
Tests [°1 Profiles [V] [s] Type

24 0/90/180 200 90 20 Single/Mix Offset PA04(1)

6 0/90/180 200 160 20 Single Middle PAO04-Trafo

4 0 200 180 20 Single Middle PA04(2)

Table 19 — TB1 METO03 Test Series

The whole experiment box is also rotated with a stepper motor to provide tests with
different orientations (0°, 90°, 180°, -90°). The tests consist in driving a sinusoidal signal with
constant voltage at the resonance frequency with the highest Q-factor, which is pin-pointed
and tracked for the entire test duration. A test duration of 20 seconds was selected to limit the
temperature increase, and based on similar test parameters to Woodward’s experiments. The
resonance frequencies that have been extracted from the analysis in Chapter 3 were around
32, 43, 63, and 90 kHz. The single-mode amplifier PA04(1) was used without a transformer,
and the targeted frequencies were 31 and 62 kHz. The results after TC are shown in Fig. 81.
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Fig. 81 — TB1 METO03 Fixed Frequency Tests [23]
top left: 0° with thermal correction | top right: 180° with thermal correction
bottom left: 90° with thermal correction | bottom right: 0° configuration and flipped device

The force traces shown in Fig. 81 do not look like the typical Woodward effect due to the
absence of switching transients, but there is a clear force of about 0.5 pN that seems to depend
on the thruster orientation. The sign of the force shows that the thrust is in the direction of the
brass mass. The noise is still visible with an amplitude of around 0.15 pN after an averaging
of 200 profiles, resulting in an SNR of approximately 3.8.

To investigate this, the MET was flipped by 180° inside the experiment box itself without
rotating the box on the balance with the motor, keeping the cables and the offset on the balance
beam identical to the 0° configuration. This had the result of showing a similar force to the
original 0° configuration, demonstrating an experimental artifact related with the box orientation.
These experiments showed that the force observed was independent of the device’s
orientation, disagreeing with the predicted thrust behavior.

In Fig. 82, the device was driven using mixed-mode signals using different phases
between the first and second harmonics (31 and 62 kHz). The orientation of the MET is 0°, but
three different relative phases between first and second harmonic signals were tested: 0°, 90°,
and -90°. No thrust was expected for the last two measurements.

85



CHAPTER 4: THRUST BALANCE EXPERIMENTS

15¢ 50 10 ‘ ‘ ‘ ‘ 150
$=0° —Force [UN] 1 $=0°(TC) —Force [UN] |
—\oltage RMS [V] [ —Voltage RMS [V]|!
1b 140 [ 140
05
30 = [ 130 =
= L 0w z ] %)
Z 05 = e 12
3 0% g 0 '\\,\/\\/\/\/\/\ 20k
e o N\,_/\\/\/\/\A ge 8
10 3 [ 10 8
{ 0.5} |
05 0 \ 0
A : o -10 1! : S -10
0 50 100 150 200 0 50 100 150 200
Time [s] Time [s]
1r 50 1r 150
# =90° (TC) —Force [uN] ¢ =-90° (TC) —Force [UN] |
—\oltage RMS [V] [ —Voltage RMS [V]|!
140 I 140
05 05
30 = [ 130 =
= 0w z ] %)
£l =5 oz
g 0 120 ° g 0 3‘20 °
g gL | g
10 3 [ 10 8
05 0.5} |
0 0
A4 ‘ — -10 A /10
0 50 100 150 200 0 50 100 150 200 250
Time [s] Time [s]

Fig. 82 — TB1 METO03 Mixed Frequency Tests [23]
top left: 0° relative phase | top right: 0° relative phase with TC
bottom left: 90° relative phase with TC | bottom right: -90° relative phase with TC

The results in Fig. 82 reveal again the presence of a drift and, after TC, a force peak of
about 0.4 pN in a direction independent of the relative phase. Furthermore, the force observed
was no bigger than in single-frequency tests, contradicting the derived formula for mixed
driving, as with the magnetostrictor experiments. At this stage, the thruster was still placed
slightly off the middle, connected to the PE piece.

The next tests included a transformer between electronics and MET, resulting in different
driving voltages. The response without TC shows a strong drift starting after applying voltage,
with the force trace not returning quickly to its baseline after turn-off. The direction of the drift
does not depend on the orientation of the thruster. Even then, the drift is present in both 90°
and 180° and does not resemble the force trace characteristic of a force or thrust pulse. Once
the thermal drift from sector 3 is removed, the nonlinear drift gives rise to the effects seen in
Fig. 83 and the appearance of a force. These tests led to larger effects with a force peak of
2 pN for the 0° configuration after TC. However, the Woodward-type trace with its switching
transients was not observed. Furthermore, a large force of over 0.5 uN was still observable in
the 90° orientation test, indicating the presence of artifacts. The 2 °C temperature increase is
shown in the first graph, and the voltage is shown by a shaded area.
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Fig. 83 — TB1 METO03 Tests with Transformer [23]

top left: no thermal correction 0° | top right: 0° with thermal correction
bottom left: 90° with thermal correction | bottom right: 180° with thermal correction

Finally, the tests with the bridge-mode PA04(2) amplifier were performed with the tracker,
where twice as much power as the first amplifier was made available. However, the series of
tests were interrupted when the PE mount melted due to the high heat and the full results are
not shown. The tests have demonstrated that the resonance tracking method causes too much

stress on the devices, hence, the tracker was not used in further tests.
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414 MET04

This time, self-built device MET04 is placed in the middle of the box to reduce asymmetric
effects and moments on the balance beam, and was mounted on a copper plate to dissipate
the heat. The mounting is also more rigid than the PE connection. Fig. 85 shows the 0°
configuration with the brass mass on the left. The same notation is used here as in the other
experiments. This device is very similar to other devices, except that it was assembled with
piezo-disks from a different manufacturer, the epoxy is slightly different (Scotchweld, 2216A)
and there is no embedded passive piezo-disk. The resonance frequencies are at 36, 39, 73,
and 90 kHz. Table 20 summarizes the tests performed with the device. The device is used to
compare both TBs later, as it was used on TB1 and TB2. Furthermore, the experiment uses
two types of amplifiers: the single-mode PA04(1) and the bridge-mode PA04(2).

Fig. 85 — TB1 MET04 0° Configuration Setup with Copper Plate

No. Orientations No. Voltage  Pulse Time Signal . . .
Tests ] Profiles V] [s] Type Particularity = Electronics
Single/
5 0 160 75 25 i ) Middle PAO4(1)
Mix
6 0/180 160 180 25 Single Middle PAO4(2)

Table 20 — TB1 MET04 Test Series

The MET was tested at two harmonic frequencies, using single-sine and mixed-signals,
driven by single- and bridge-mode amplifiers, and mounted on a heat sink. The first tests
compare the result of different levels of amplification. The current and voltage reached with the
bridge-mode driving method are twice as great as with the single-mode amplifier. However, no
effect can be seen in Fig. 86 when using a resonance frequency tracker around 37 kHz. The
first diagram on the left shows the single-mode amplifier and on the right, the bridge-mode test
results. In both cases, applying a sinusoidal voltage to the device did not result in any
significant effect above the noise, which is around 50 nN in amplitude. These results indicate
the need for an improved balance with less noise and better shielding from EMI.
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Fig. 86 — TB1 METO04 0° Single-Mode vs Bridge-Mode
left: single-mode amplifier driving | right: bridge-mode amplifier driving

This test also showed that changing the electronics can cause the impedance spectrum
of the system to slightly shift, and the current was not higher despite the increased voltage.

In Fig. 87, the typical Woodward trace appears when driving the device at its second
harmonic frequency. The first harmonic frequency test didn’t show any significant force
deflection, besides a 0.1 uN peak. The second harmonic test clearly shows switching
transients and a small steady-force peak when applying a thermal correction. However, since
the reversed effect was not observed in the 0° orientation, the results were first deemed
inconclusive. The maximum effect was also only 0.15 uN in magnitude, which is much weaker
than the predictions or claimed effects of 1-20 uN [16]. The driving voltage was 180 V in
amplitude, which resulted in a significant increase in temperature, as seen in the graphs.
However, the use of the copper block seems to have removed the presence of the drift seen
in earlier experiments.
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Fig. 87 — TB1 METO04 180° Bridge-Mode Tests
left: 35 kHz driving frequency | right: 69 kHz driving frequency
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4.1.5 Discussion

In this section, the TB1 test results are summarized and discussed. When compared to
TB2, the former is a bigger balance that has a longer reaction period and can support heavier
experiments like the magnetostrictor. The earlier TB version was also used to build up
experience, later leading to improvements. A few mistakes were made during the first tests;
the DUT was not placed in the middle of the experiment box, resonance tracking led to
excessive heat and EMI shielding was insufficient. However, these mistakes led to different
lessons learned. Here are the main observations:

o At first, the ambient noise was close to 0.1 pN in amplitude after averaging. This was
improved to 0.05 uN by adjusting the damping and averaging more test runs.

e There is visible drift in the force response when applying alternating voltage to any device
on the balance. The drift can have a nonlinear behavior, especially after turn-off, and the
force trace does not go back to the baseline. The direction of the drift was always the
same, independent from the device or box orientation.

e Applying TC on the force responses can reveal impulse-like artifacts that reach over
0.2 uN in amplitude. These nonlinear effects were seen with CU18A, METO03, and
METO04, and depend on the orientation of the experiment box. A small impulse was also
seen in the DC resistor test.

e The transformer, magnetostrictor, and mixed driving did not change the behavior of the
force response, and did not yield the effects predicted by the theory.

First, the origin of the drift will be examined. Since the force’s baseline moves to a new
equilibrium, or returns very slowly back to the original position, spontaneous outgassing of
some component, thrust or electromagnetic forces can be ruled out as an explanation. The
experiments rather suggest a preferred path for the heat transfer to the experiment box, and a
corresponding imbalance of the buoyancy force, which can account for the small drift observed
at the specified vacuum pressure. Hence, it is important to look at the effects of heating. The
temperature curves show that the temperature increases during a single pulse were at most
0.4 degrees, for the AC resistor experiment and the magnetostrictor, which resulted in similar
drifts. The drift also increased with the use of a transformer with METO03, which was also linked
with a higher temperature increase (2 °C). Moreover, heating occurs as soon as the power is
switched on, and the temperature profile looks very similar to the balance drift. The force could
be due to thermal expansion in one part of the device. However, the resistors do not have a
preferred direction of expansion and are built symmetrically, unlike the MET devices.
Furthermore, the direction of the drift seems to be independent of the thruster’s orientation,
thus, opposing the idea of a center-of-mass shift due to thermal expansion that would depend
on the device’s orientation. The drift could also be caused by the shifting of a balance
component due to stick-slip vibration.

Secondly, comparing the balance results before and after TC leads to two interesting
points. On one hand, TC can reveal a force that is hidden in the balance drift. On the other
hand, since the TC method uses a linear approximation to the drift, any nonlinearity in the drift
can lead to fake forces. The temperature profile of the experiments is another good example
of a nonlinear process. It is not surprising that the larger forces observed from the
magnetostrictor and transformer tests were also linked with larger drifts of the force response.
However, METO03 tests showed that the sign of the remaining force after TC was related to the
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orientation of the box rather than the orientation of the thruster. These observations hint again
at the preferred heat transfer path on the balance and a resulting imbalance of buoyancy forces.
The heat transfer path would rather depend on the orientation of the box and mount, which is
a larger structure than the thruster. However, this argument does not exclude the possibility of
stick-slip vibration and the shifting of a component in the experiment box.

Lastly, sources of EMI between the balance and its surroundings or between internal
components on the balance could lead to some impulses. The dummy DC tests revealed a
small force in sector 3 that disappeared after disabling the electric field. This effect could arise
from the interaction between the Earth’s magnetic field and the power cables. An interaction
between the feedthrough cables and the magnets from the voice coil and damping can be
excluded, since they are also placed on the same balance beam. The effect could be a result
of cables straightening due to electrostatic repulsion and resulting in a new null position of the
balance arm. This test sets the limit of what can be considered an experimental artifact from
EMI sources and amounts to around 0.2 uN for a current of 1.5 A. Better electromagnetic
shielding is necessary to measure lower levels of thrust. Fortunately, DC currents do not occur
during MET tests, which are driven with AC voltage.

At this stage, whether the drift comes from vibration, thermal or electromagnetic sources
remains to be elucidated, and the possible Mach-effect thrust or signals observed by
Woodward remain hidden in experimental artifacts and below the predictions. These
conclusions are summarized in Table 21.

Test Setup Dummy CU18A MET03/04
Variations Resistor (AC/DC) Single/Mixed, Frequency, voltage,
0/52g configuration, flip
Max. Measured 0.3 0.6 2.5
[uN]
Predicted 0 >1 >1
[uN]
Observations e Drift =2.5 pyN/min e Drift = 2.4 pN/min e Drift =1-10 uN/min
e Thermal, EM e Switching transients e Beam signal does not
interactions, or a revert to zero.
combination o Effect shows the same
direction regardless of o Effect present in all
the configuration configurations.

o Effect depends on the
orientation of the box.

Table 21 — TB1 Test Results Summary
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4.2 Torsion Balance Il Test Results

4.21 Dummy Tests

The test campaign with TB2 started with dummy tests used to identify experimental
artifacts and to compare its behavior to TB1. This time, the dummy tests also included a
capacitor. The resistor test setup is shown in Fig. 88, and the capacitor test setup is in Fig. 89.
During the tests, the Faraday-cage made up of bent mu-metal sheets is closed and grounded.
Temperature is measured with a K-type thermocouple fixed on the copper plate. The tests and
their parameters are summarized in Table 22, showing different combinations and the amplifier
electronics. The whole balance arm, through which the power cables are fed, is covered in thin
mu-metal plates and grounded to reduce EMI even further. No magnetostrictor tests were
performed, and the resonance tracker was not used.

Fig. 88 — TB2 Resistor Dummy Test Setup
left: resistor setup without mu-metal cage | right: with mu-metal cage

Fig. 89 — TB2 Capacitor Dummy Test Setup
left: capacitor setup without mu-metal cage | right: with mu-metal cage
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No. Tests Device No. Profiles Voltage ~ Pulse Time Signal Electronics
vl [s] Type

25 470 Q 10 180 20-30 DC/AC PA04(2)/CARVIN

1 32Q 160 180 25 AC CARVIN

4 18 Q 10 180 20 DC PS

4 22 nF 10 200 20 AC/DC CARVIN/PS

Table 22 — TB2 Dummy Test Series

In the first series of tests, a DC signal is applied to the 18 Q resistor. The temperature

increase is linked to a small thermal drift on the balance of 20 nN, but no impulsive forces. The
force response curves stabilize once the temperature is also stabilized. The thermal drift
cannot be avoided in this new setup as well, however, the EMI with the DC current is not
present as can be seen from the absence of a pulse. Furthermore, removing the thermal drift
results in a very low distortion after averaging 160 profiles. The noise can be seen in Fig. 90
with an amplitude under 5 nN, which is an order of magnitude better than with TB1.
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Fig. 90 — TB2 Resistor DC Test

left: no thermal correction | right: with thermal correction

The next tests consist of AC voltage tests with a frequency of 33 kHz and a current of

around 0.6 A. Fig. 91 shows no significant switching transients or impulses that would come
from EMI, except a slow drift until 0.13 uN. This shows that the balance is well protected
against cross-talk or EMI, even for a reasonable current and voltage, which is another
improvement compared to the previous balance.
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Fig. 91 — TB2 Resistor AC Test
left: no thermal correction | right: with thermal correction
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Furthermore, a DC test with a capacitor of 22 nF showed different behaviors depending
on the grounding of the balance. The diagram on the left in Fig. 92 shows the result of the test
where the balance isn’t grounded. There is an EMI between the surroundings and the loaded
capacitor amounting to a force of 100 nN. Grounding the balance had the consequence of
eliminating the effect. These tests were very useful in determining the effect of improper

grounding.
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Fig. 92 — TB2 Capacitor DC Test
left: balance beam not grounded | right: grounded balance beam
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Then, the capacitor test performed with CSUF electronics at 34 kHz produced the results
shown in Fig. 93. These tests only show the balance noise and minimal drift. Thus, the problem
connected with balance grounding did not occur with these amplifier electronics. Due to the
lower number of profiles, the noise is averaged to an amplitude of 7.5 nN at the sampling
frequency of 10 Hz. Thus, the dummy tests reveal that TB2 is well shielded and more resistant
to thermal drift and electromagnetic interactions with the environment, if grounded properly.
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Fig. 93 — TB2 Capacitor AC Test
left: no thermal correction | right: with thermal correction
4.2.2 METO05

Although several tests were performed with MET03, MET04, and METO06, the campaign
with METO05 was the most productive and regroups most key results. Multiple parameters were
varied during the tests, as shown in Table 23. Pictures of the different setups including copper
block, closed box, yoke, and two different device orientations are included in Fig. 94 and Fig.
95.

The yoke shown in Fig. 95 and Fig. 96 was also provided by Woodward. The pieces are
cut from acrylic plates with a 6 mm thickness. O-rings are used between the washers and the
screws to provide vibration damping. Although these rubber rings might reduce low-frequency
damping, the screw connections also enabled more twisting of the experiment box. The 0° and
90° configurations are shown in the pictures below. The 90° orientation with the mounting yoke
is a vertical configuration unlike with other mounts. The resonances of MET05 are at 34, 46,
and 70 kHz according to its electromechanical characterization.

Fig. 94 — TB2 METO05 Solid Mount Setup

left: 0° configuration without copper block | right: 0° configuration with copper block
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Fig. 95 — TB2 METO05 Yoke Configurations

left: 0° yoke configuration | right: 90° yoke configuration
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Fig. 96 — MET Mounting Yoke CAD [14]

No. Orientations No. Voltage Time Signal Setu Electronics
Tests [°] Profiles vl [s] Type P
. 20 mbar,

10 0 2 220 8,12,16 Single 50 pbar, 1 nbar CSUF
. Copper/

31 0/90/180 5 200 16 Single No Copper CSUF

Single/ CSUF-

6 -90/180 5 200 24,50 Sweeps Yoke Trafo(1:2)

Single/
0/90
40 /90/ 2-5 180 8,16  Sweeps/ o opper PAO4(2)
-90/180 Mixed pp

4 180/-90 5 180 16 Single Yoke PA04(2)

6 0 3 180 16 Single No Rubber PA04(2)

. PA04(2)-

6 0/180 5 180 16 Single Copper Trafo

Table 23 — TB2 METO05 Test Series
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The graphs of Fig. 98 show some key results with METO05. The results of the tests with
CSUF electronics are shown first. This time, the resonance tracker has not been used and a
fixed frequency corresponding to the resonance frequency, or its neighborhood, was
maintained with a constant voltage. The driving frequency represents the longitudinal
resonance at 36.3 kHz. The first series of diagrams do not involve TC, except for the balance
drift in Sector 1.

0.2/ 300 02— 300
[0° 180° —Force [uN]
[ —Voltage [V]||
0.15 250 0.15¢ oltage [ ]7250
0.1 12005 01 -200
— I » f— —_—
5 150 % 5 :150 %
g 0.05 s 8 005 1150 2
g g 2 S
oW Iy 1009 0 e e 1100
-0.05 50 -0.05 150
—Force [uUN] ]
—\Voltage RMS [V],, 0 ‘o
0.1" . e ] o ]
80 100 120 140 160 0 20 40 60 80 100 120
Time [s] Time [s]
0.2/ T 300 02— 300
f 90° —Force [uN] -90° —Force [uN]
[ —Voltage [V —Voltage [V]||
0.15" otage M 550 0.15 otage M ,50
0.1} 200 0.1 1200
z 22 R
g 0.05 150 = ¢ 0.05 150 &
g : :
0 100 0~ 1100
-0.05 50 -0.05 150
01" S S 1 h 10 o =" ] 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time [s] Time [s]

Fig. 97 — TB2 MET05 CSUF Fixed Frequency Tests
top left: 0° configuration | top right: 180° configuration
bottom left: 90° configuration | bottom right: -90° configuration

The results show sharp peaks that are dependent on the device orientation, as observed
by Woodward. The switching transients are exactly opposite when looking at the 0° and 180°
configurations. The graphs also clearly show a drift in the beam position of up to 0.1 uN after
the pulse, after which the balance beam then starts to slowly come back to the zero line, but
not promptly after switch-off. The drift is always in the same direction, irrespective of the MET
orientation. Furthermore, the effect is also present in the 90° and -90° directions with switching
transients of the same magnitude as for 0° and 180°. Finally, although the voltage and current
behaviors are not identical, the force observed is roughly the same order of magnitude for all
orientations. The variations in voltage and current are due to the small changes in impedance
occurring after test cycles or the slight change of boundary conditions, although the driving
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frequency is kept constant. In Fig. 98, the diagrams show the result of linear TC on the same

force traces.
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Fig. 98 — TB2 MET05 CSUF Fixed Frequency Tests (TC)
top left: 0° configuration with TC | top right: 180° configuration with TC
bottom left: 90° configuration with TC | bottom right: -90° configuration with TC

Without the drift, Fig. 98 shows the same effect as observed by Woodward [16], and seen
in Fig. 12. Furthermore, it was reproduced with the same electronics and device as at CSUF.
There are switching transients of about 0.06 uN, an order of magnitude or two below the effects
reported by Woodward. The switching transients also depend on the orientation of the device.
Where the thermal drift of Sector 3 has been removed, there is a small steady-state component
representing half the amplitude of the switching transients. This steady-state component
seems to vanish for the 90° and -90° orientations, although the switching transients are still
present.

The next graphs show the influence of the copper block mount in Fig. 99. Both tests used
CSUF electronics in the 0° and 180° orientations and a driving frequency of 36 kHz. The results
involve no TC. These show a lower force, compared to Fig. 97. However, the lower voltage
also indicates that the same driving conditions were not obtained despite the same target
frequency. These tests proved that the switching transients are present despite different driving
conditions. The copper block can have slightly shifted the resonance spectrum, but it also
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seems to remove the drift, as was observed in experiments with TB1. Interestingly, the balance
drift seen in Fig. 97 is not observed here, despite the large temperature increase observed.
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Fig. 99 — TB2 MET05 CSUF Copper Block

left: 0° configuration | right: 180° configuration
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In the next tests, the effect of the ambient pressure is investigated using the same driving
voltage and frequency. The electronics are the CSUF electronics and the mount is the solid
mount without a copper block. Fig. 100 shows the same amount of drift for both chamber
pressures, as well as the same behavior and order of magnitude of the transient effect. Hence,
the chamber pressure does not influence the force response in this low-pressure regime. To
avoid a dielectric breakdown in the air gaps between electrodes, however, most tests were

performed under a low atmosphere. The commanded frequency was 36.3 kHz.
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Fig. 100 — TB2 MET05 CSUF Variation with Pressure
left: 20 mbar | right: high-vacuum (10E-6 mbar)

Fig. 101 shows the results using the same configuration (0°) but for different driving
frequencies and with CSUF electronics and copper block. The effect is always around the
same order of magnitude, even if the frequency should have a great influence on the thrust
according to the theory and the electromechanical characterization performed in Chapter 3. All
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the graphs below are plotted without TC. Interestingly, the temperature increase of the 36 kHz
run is double the increase of the 34 kHz run, but the effect is similar in magnitude. The

temperature does not seem to influence the drift.
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Fig. 101 — TB2 METO05 CSUF Various Frequency Tests

The tests have also been performed with a different mounting, using the isolating yoke
provided by Woodward. Also, a different transformer, with a ratio of 1:2, was tested together
with the CSUF electronics, instead of the 1:4 transformer usually used. The effect seen in Fig.
102 includes switching transients and a small drift. The force peaks and drift can be seen in
different directions for the 180° and -90° orientations. However, the transformer and the yoke
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do not seem to have a great influence on the magnitude or behavior of the effect, when
compared to previous experiments.
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Fig. 102 —- TB2 MET05 CSUF Tests with Transformer (1:2) and Yoke

left: 180° configuration | right: -90° configuration

The driving frequencies in the fixed frequency tests were selected using different criteria.
Most tests were conducted using the resonance frequency, which was identified by the
maximum current when sweeping a small frequency range. Some other tests were conducted
at the driving frequency specified by Woodward in private communications. Lastly, some tests
were conducted at a frequency with significant nonlinearity in current and strain gauge
waveform signals. The resonance tracker allowed to follow the peak of maximum current
during the experiment.

Driving frequency sweeps were also performed, comparing the CSUF electronics with the
TUD electronics using the bridge-mode amplifier PA04(2) without a transformer. The
advantage of performing sweeps consists in allowing to test all possible vibration modes, as
well as pin-point, albeit short, driving at the required conditions for maximal thrust. The driving
frequency was varied from 48 to 24 kHz in a backward sweep. The results from Fig. 103 clearly
show the impulsive deflection of the beam at certain frequencies, around 32 kHz and 36 kHz.
These impulses occur for a thrust-producing orientation of 0° as well as for the no-thrust-
producing 90° orientation. The temperature is also shown to increase in the neighborhood of
the resonance and the force response peaks.

The sweeps conducted using CSUF electronics show similar behavior: an impulsive
deflection of the beam at a certain frequency, but these are always followed by a reaction force
of the same magnitude in the other direction. The behavior is not fully repeatable and only a
few profiles were executed, hence, individual test results are shown in Fig. 103. The peaks are
seen in both the 0° and -90° configurations. More individual test results can be seen in
Appendix B, as well as other fixed frequency tests using TUD electronics.
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Fig. 103 — TB2 METO05 Sweeps with Copper Block
top left: TUD electronics, 0° configuration | top right: TUD electronics, -90° configuration
bottom left: CSUF electronics, 0° configuration | bottom right: CSUF electronics, -90° configuration

4.2.3 Beam Vibration

The method described in Section 3.1.6 for the thruster’s vibrometry analysis was also used
to examine the displacement of the TB2 beam during a driving frequency sweep with MET06
mounted on the yoke in the 0° configuration using TUD electronics and a fixed 50 V amplitude.
The high sampling frequency of the interferometer’s analog output allowed the full resolution
of high-frequency components in the balance’s response. The results are summarized below.
Fig. 104 is a DFT of the current and vibration signals at a driving frequency close to resonance
and represents a 0.6 ms-long snapshot within the frequency sweep. The graph shows the
unique current peak around 36 kHz, and several small peaks in the vibration signal. The
balance beam movements mostly occur below 20 Hz due to low-frequency vibrations in the
building related to people walking and cars driving on the streets. This low frequency noise
has also been observed in previous force diagrams (Fig. 92, Fig. 93, Fig. 98). The vibration of
the beam at the driving frequency is very low, and is consistent with observations made by
Woodward et al. [83]. However, there are two other sharp peaks that are interesting, one at
70 Hz and one at 500 Hz. The higher frequency vibration peak was studied in more detail.

Fig. 105 is a compilation of the main components in the current and vibration signals,
obtained during a full driving frequency sweep. The current curve was obtained by extracting
the current amplitude at the driving frequency using a DFT for each 0.6 ms interval and a
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sampling frequency of 100 kHz. The vibration curve was obtained by taking the amplitude of
the vibration occurring at 500 Hz in each 0.6 ms snapshot of the sweep. The curve shows an
increase in this particular vibration in the neighborhood of the resonance peaks, which can be
identified from the peaks in the current curve of the same diagram. Hence, even though beam
vibration is very low at the driving frequency itself, vibration from the MET can be coupled to
larger lower-frequency vibrations on the balance.
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Fig. 104 — TB2 Beam Vibration DFT Fig. 105 — TB2 MET06 TUD Beam Vibration
Current and vibration DFT with MET06 and TUD Current and vibration sweep

4.2.4 Discussion

TB2 was adapted for the MET campaigns, and it showed the best resolution and time
response so far. Its dynamic behavior is closer to Woodward’s balance [16] since it has a
quicker reaction time. It has better electromagnetic protection and mu-metal shielding than
TB1. Finally, the MET test campaign on TB2 was the most extensive in terms of parameter
variations and number of runs. This section is an attempt to unravel many of the remaining
mysteries. The main observations are listed here:

o Dummy tests with resistor and capacitor reveal that impulses due to EMI are reduced
by one order of magnitude in comparison to balance TB1, when the balance is well
grounded.

e Drift is still present in the dummy resistor tests with AC voltage. The drift as well is
reduced by one order of magnitude when compared to TB1.

e Without proper grounding, dummy tests with a capacitor and MET04 have revealed a
positive force response of about 0.5 pN due to the floating potential and interaction with
the surroundings, despite AC voltage. Grounding the balance eliminates the signals.

o Fixed-frequency tests show the switching transients observed by Woodward, albeit in
every orientation, including 90°. In all tests performed with four METs, with Woodward’s
yoke or copper block, with different electronics, voltage, and frequencies, the force
peaks never exceeded 0.2 uN.
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e Sweep tests reveal impulses at driving frequencies near resonances for MET devices,
occurring for every orientation, including 90°. The force reached up to 0.6 uN in some
cases. The behavior was not 100% repeatable.

The first point to be discussed is the grounding of the balance. The dummy resistor tests
showed that there would be minimal EMIs on TB2, whether from the DC or AC signals, when
the balance was grounded. This eliminates the possibility of an experimental artifact due to
interactions with the Earth's magnetic field or cable movement caused by electromagnetic
fields. However, an effect arose when the balance was not grounded. This was observed when
performing capacitor, MET04 and METO05 tests using TUD electronics with the PA04(2)
amplifier in bridge-mode. When the balance beam was not grounded, the amplifier electronics
charged the conductive beam and experiment box to a floating potential that led to electrostatic
attraction between the mobile and fixed parts of the balance. The effect disappeared once the
beam was grounded and didn’t occur with the CSUF electronics. In all subsequent tests and
MET results shown in this section, the balance was grounded and this effect was prevented.

Furthermore, the balance showed evidence of thermal drift during the dummy resistor
tests with AC voltage, although the drift is an order of magnitude lower than with TB1. In tests
with METO05, the force spikes in the driving frequency sweeps coincided with a strong
temperature increase (Fig. 103). However, the fixed frequency tests showing larger
temperature gradients did not directly translate into an increase in the drift (Fig. 101). Next,
MET tests using different chamber pressures confirmed that the effect is not influenced by the
vacuum level in the chamber. Thus, the effects observed do not originate from convection,
buoyancy, or outgassing at a pressure of 0.03 mbar. The tests were not performed at ambient
pressure, due to the difficulty to calibrate the balance and the increased disturbances. The
predicted thrust from the Mach-effect theory cannot account for the drift observed, since it is
not an impulse and did not depend on the thruster’s orientation on the balance. Moreover,
thermal effects cannot account for the rapid switching transients occurring in the MET tests.

The switching transients that were observed on TB2 correspond to the effects observed
by Woodward et al. [16]. However, these transients did not increase with the use of different
frequencies and amplifier electronics. Larger force peaks of up to 0.4 uN were detected during
frequency sweeps, due to the finer tuning of the resonance frequency. However, the same
transients were also observed in the 90° orientation of the thruster, despite the fact that
transverse forces should have minimal effect on the balance, as shown in Section 3.3.2. Thus,
the concept of thrust along the longitudinal axis of the MET can be rejected. The drift and the
transient forces observed must come from a different source.

The findings are summarized once more in Table 24 and include the results of the
vibrometry analysis.

104



CHAPTER 4: THRUST BALANCE EXPERIMENTS

Test Dummy METO05 Vibrometry
Variations Resistor (AC/DC) Electronics, mounting, Balance beam
Capacitor (AC) chamber pressure,
frequency, sweeps, pulse
length
Max. Measured 0.03 0.15 N/A
[uN]
Predicted 0 >1 N/A
[uN]
Observations e Drift = 50 nN/min e Drift = 0.6 yN/min e Vibration peaks

AC signals have
an effect when
the balance is not

e Switching transients
are present and
reverse

(70 Hz, 500 Hz)

e Vibration increased
around resonances

GND
e Force trace does not
go back to zero

e Effect presentin all
orientations

e Effect cannot be
increased

Table 24 — TB2 Test Results Summary

The observation of low-frequency beam vibration and vibration increase during resonant
driving of MET on the balance led to an investigation of vibrational artifacts. The following
analysis studies the influence of vibration on the balance using a single DOF model of the
torsion balance as described in Section 3.3.3. Different forcing functions have been tested to
examine the reaction of the balance to different stimuli. These tests can be compared with
actual tests performed with the sinusoidal excitation of the VC in Section 3.3.2. Evidence of
stick-slip includes loosening of the screws, the brass powder inside the experimental setup,
and offsets in the force response curve that do not revert to zero after disabling the electric
field. Fig. 106 shows the responses to a forcing function with different frequencies. If the driving
frequency is low enough (1 Hz), the frequency signature can be seen in the balance response
as well, as shown on the left. The switching transients, however, are significantly larger in
amplitude. Then, if the forcing frequency reaches a higher value, the frequency signature
cannot be observed in the balance response anymore. However, the switching transients are
still visible, as shown on the right for a forcing frequency of 100 Hz. The amplitude of the
switching transients also gets reduced. This is an important observation that could well apply
to the behavior observed during the TB tests with the MET.
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Fig. 106 — TB2 Pulse Response Simulation
left: 1 uN, 1 Hz pulses | right: 1uN, 100 Hz pulses

Another important observation is the simulation of a discontinuity in the vibration
operation. In the event of a longer interruption, the balance response might be subjected to
jumps of the switching transients. This behavior could be explained by the intermittence of the
vibrations as the resonances get activated during the sweeps. A discontinuity was included in
the forcing function and the simulated response was plotted in Fig. 107.

Force [nN]

F = Fgsin(wt)

T

]
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40

Fig. 107 — TB2 Discontinuous Pulses Simulation
1 uN, 100 Hz pulses with discontinuity

Finally, nonlinearity was added to the forcing function and equation of motion in the
simulation. In the event of a second harmonic signal superposed to the driving frequency, as
would be the case for the nonlinear responses of piezoelectric materials described in
Section 3.1.9, no significant behavior deviation can be seen in the balance response shown
on the left, in Fig. 108. However, if a significant nonlinearity is added to the equation of motion,
such as the sudden change in the spring constant of the balance is added, a significant
deviation can occur, as seen on the right.
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Fig. 108 — TB2 Non-linear Pulse Simulation
left: 1 uN, 10 Hz, sine function with second harmonic content,
right: 1 uN, 10 Hz and change in spring constant

Thus, the single DOF simulation of the torsion balance and the addition of a high-
frequency vibration stimulus can reproduce the same transient behavior as observed by
previous researchers [16,81] in MET experiments mentioned in Section 2.4 and observed in
this section. Furthermore, the vibration of the balance beam at the driving frequency is
extremely reduced, despite the presence of slower transients, which is consistent with previous
observations from Woodward [82].

The reason behind the absence of switching transients in the MET experiments with TB1
are two-fold. First, the larger electromagnetic and thermal effects in comparison with TB2
experiments exceeded 0.4 N in magnitude, whereas the transients measured on TB2 only
had an amplitude of 0.1 uN. Secondly, the slower pulse response of TB1 observed in its
characterization tests are a result of the larger rotational inertia of the balance beam. This
implies that the balance’s reaction to a high-frequency vibration stimulus will be reduced when
compared to TB2, effectively reducing the amplitude of the force transients. Finally, the faster
dynamic response of Woodward’s balance can also be an explanation for the larger force
peaks measured by Woodward et al. [78], using the same argument.

The origin of the drift observed on TB2 remains unexplained, since it does not seem to
vary greatly with different temperature increases or with the chamber pressure, and since
electromagnetic effects have been eliminated. Nevertheless, an observation of different drift
magnitudes depending on the mounting of the MET, including the yoke and the copper block,
also suggests the presence of a vibrational artifact related to the device’s mechanical
connection on the balance. Indeed, the shift of the balance beam’s position is visible long after
removing the driving voltage cannot be due to a thrust force. Instead, this drift can be explained
by stick-slip vibrations that are infamous for being behind the oscillation thrusters, also called
“Dean drives” as carefully explained in Chapter 6 of Frontiers of Propulsion Science [13].
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4.3 Double-pendulum Balance Test Results

4.31 Dummy Tests

Dummy tests were performed with a 15 Q resistor to examine the EMI on the double-
pendulum balance described in Section 3.4.1. The AC signal tests are missing from this
campaign. However, the balance was always grounded when using the bridge-mode amplifier
after having learned the lesson with TB2, meaning that EMI was kept to a minimum. The device
setup and uppermost plane of the balance are shown in Fig. 109. The resistor was simply
placed on the platform, without a screwed connection. The test parameters are summarized in
Table 25 and were performed at both ambient pressure and medium vacuum (0.03 mbar).

Fig. 109 — DP1 Resistor Test Setup

No. Orientation No. Voltage Time . . ) )
Tests ] Profiles V] Is] Signal Type Particularity Electronics
1 0 15 180 30 DC  Pin-contacts PA04(2)

Table 25 — DP1 Dummy Test Series

The test results featured in Fig. 110 show a strong reaction to DC current and heating.
Tests at medium vacuum and ambient pressure with the same driving parameters show a
difference of a factor of 2 in magnitude. The graphs show the presence of a negative drift,
noted from the difference between the traces before and after the test profile, but also an
impulse effect that can be seen from the sharper response at turn-on and turn-off.

This impulse can be attributed to electromagnetic effects that do not vary significantly with
the atmospheric pressure. However, thermal effects can be superposed on the
electromagnetic effects. It was found later in a test campaign with the EmDrive, that the main
culprits for the forces observed were the liquid-metal-pin connections of the balance for the
amplifier supply [25]. A DC current passing through the off-centered liquid-metal-pin
connection could bring about a deviation of the balance’s platform. However, since the
amplifier used in MET tests is not on the balance but outside the vacuum chamber, artifacts
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caused by DC currents as shown in this test should not occur. Nevertheless, effects related to
heat transfer cannot be excluded from the MET tests.

5 T T T 50 5{ 150
1 bar r —Force [uN] [0.03 mbar r_ —Force [uN] ||
—\Voltage [V] ! —Voltage [V]|!
OM/\-JM 140 0 ~———— 140
5 130 5 \ 130
= o = ] o
g-10 120 2 ¢-10 120 @
(S 5 © | ©
i > o >
-15 10 -15 10
20 0 20 0
25 L e S — S 4210 25 s —— - 10
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time [s] Time [s]
Fig. 110 — DP1 Resistor DC Test
left: ambient pressure (1 bar) | right: vacuum pressure (10E-2 mbar)
4.3.2 METO03

Having already sent loaned devices MET05 and METO06 back to California in 2020, DP1
tests were performed with METO03 after it had undergone a transformation or possible partial
depolarization due to heat and stress in previous experiments. The new resonance frequency
was around 21 kHz, as shown in Section 3.1.7. The device was placed on a copper plate to
dissipate the heat coming from resonant vibration, and the whole assembly was simply placed
on Sorbothane® pads to reduce the transmission of vibration. The device was encased in a
mu-metal box to shield the balance from the magnetic fields, however, that cage was not
grounded. In a few tests, the assembly was taped to the structure using Kapton® tape to make
it a more rigid connection. All tests were conducted with the same device, setup, and
electronics, using the dedicated APEX amplifier in bridge-mode from the TUD electronics. The
setup for the 0° configuration is shown in Fig. 111, and the test parameters are summarized in
Table 26. A positive thrust corresponds to a movement of the device towards the brass mass.

Fig. 111 — DP1 METO03 0° Test Setup
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No. Orientation No. Voltage Time . . . .
Tests ] Profiles V] [s] Signal Type Particularity = Electronics
th
6 0 20 180 20 Single/Sweeps OO ban4()
Kapton
2 90 5 180 20 Single/Sweeps Sorbothane/ PA04(2)
Kapton

Table 26 — DP1 METO03 Test Series

The fixed frequency tests were performed with a driving frequency of 21.8 kHz for the 0°
configuration and 24 kHz for the 90° configuration, the results of which are shown in Fig. 112.
The frequencies were chosen to maximize the effect observed, after having performed
frequency sweeps to identify the resonances. The 24 kHz resonance frequency appeared
during high voltage sweeps only, and was not seen in the electromechanical analysis of
Section 3.1.7.

The results show the typical Woodward [16] trace with the switching transients in the 0°
orientation. These transients are much smaller in the 90° orientation. The results without
thermal correction additionally show the drift of the balance’s baseline. The force peaks
observed are around 100 nN after TC, and the drift was about 150 nN and in the same direction
in both 0° and 90° orientations. The force responses shown in Fig. 112 drift in the same
direction except for a rare few individual runs of the 0° configuration shown in Appendix B. The
magnitude of the drift and the switching transients is very similar to the results obtained on
TB2.

Driving-frequency sweeps from 20 to 48 kHz were also performed in two perpendicular
orientations (0° and 90°) and the force responses are shown in Fig. 113. The force curve looks
very similar when comparing both tests. The sudden jerk of the balance beam occurs with the
same magnitude and direction but at a slightly different driving frequency. The resonances
obtained from the current spectrum of METO3 are around 21, 24 and 48 kHz and correspond
to the beginning and end of the sweep. The balance response further drifts downward after the
voltage is switched off, and reaches well below the original position.
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Fig. 112 — DP1 METO03 CSUF Fixed Frequency Tests
top left: 0° configuration | top right: 90° configuration
bottom left: 0° configuration with TC | right: 90° configuration with TC
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Fig. 113 — DP1 METO03 CSUF Sweeps
left: 0° configuration | right 90° configuration
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Lastly, vibrometry was used to examine higher and lower-order vibration components of
the balance platform. Driving frequency sweeps were performed from 20 to 30 kHz at a
constant voltage with METO3 in the 90° configuration. As in the vibration analysis for TB2, a
snapshot of the current and beam vibration is provided for a single driving frequency. Fig. 115
represents a DFT of the signals in a 0.6 ms snapshot within the 30 s sweep, where the driving
frequency is around 24 kHz. The diagram shows a small peak at 20 Hz, corresponding to some
oscillation from the environment also seen with the TB. Another isolated vibration peak can be
seen at 900 Hz when driving the piezoelectric devices. There is minimal vibration at the driving
frequency of 24 kHz.

The amplitude of the 900 Hz vibration component of every 0.6 ms interval was plotted over
the entire driving frequency sweep, next to the current curve that was obtained by compiling
the current amplitude at the driving frequency, in Fig. 114. Similar to the behavior observed
with TB1, the high-frequency vibration component increased at the same frequency as the
current peaks that indicate the resonance state. Hence, more beam vibration can be
associated with resonance driving, and the high-frequency vibration of the MET is coupled to
lower-frequency vibration even in the 90° configuration on the DP1.

-3
10
X - T 10% = T ey 0
2 —Vibration [um]/] —Current [A]
—Current [A] 0.45 —Vibration [um]
N
T1.5" -2
= 0.4 ) 10
> ] _10° =
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— 1 —— - c
E 0.35 § 5 104 8
e} = = ©
5 3 3 5
© 70 3 10 ~
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Fig. 114 — DP1 METO03 Beam Vibration
current and 900 Hz-vibration curves

Fig. 115 — DP1 METO03 Beam Vibration DFT
current and vibration DFT
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4.3.3 Discussion

The tests performed with DP1 are summarized and discussed. This new balance has a
good resolution and reaction time comparable to TB2 [25,76]. The test campaign with DP1
was limited, since it was mainly used for other thruster test campaigns. The first difference to
the TB is its more complex structure involving more parts and torsional pivots, but it is also
more stable and resistant to thermal shifts occurring in one plane, and against torsional
moments that tend to displace the balance beam. Furthermore, the metal liquid contacts that
ensure friction-free power transmission are placed on the side of the balance, rather than within
the balance’s pivot axis. This new configuration could introduce new experimental artifacts.
Here are the main lessons learned:

o Dummy tests with DC current reveal the presence of EMI with the off-centered liquid
contacts of the balance for power transfer.

¢ Dummy tests also show the presence of thermal effects, as seen from the impact of
the chamber pressure on the balance response to DC current.

o MET tests confirm what has been seen on the TBs: switching transients of up to 100 nN
are seen at resonance in 0° and 90° configurations.

e A drift of at most 300 nN can also be seen when looking at force responses during the
sweeps without thermal correction. The offset does not seem to depend on the device
orientation.

e Small amplitude beam vibration has been detected at multiple frequencies and
increased close to resonances.

The order of magnitude of the drift or offset in the force baseline of MET experiments is
similar to the TB tests. The drift or offset was seen for both 0° and 90° orientations, thus it
cannot be due to thrust along the longitudinal axis of the thruster. The Faraday cage of the
thruster was not grounded, which could imply some interaction between the balance platform
and the box. However, since the balance’s support structure is larger and more rigid than the
TB beam, that interaction should be very small. Furthermore, the DC interaction observed in
the dummy tests is excluded when using oscillatory signals.

The switch-on and switch-off transients in fixed frequency tests and the sudden jerks
during frequency sweeps represent more spontaneous events. Thermal drift is excluded from
the cause of these spontaneous deflections, since the movement is more rapid than the
propagation of heat as shown by the temperature curve.

Another point to be considered is that the device box was not fixed on the balance platform
but placed on sticky Sorbothane ® pads. Thus, the possibility of stick-slip cannot be excluded.
Furthermore, as can be seen from the beam vibration analysis, the platform was seen to vibrate
around 900 Hz and this can lead to the same phenomenon analyzed in the previous section.

Moreover, the effect observed in fixed-frequency tests has the same order of magnitude
and behavior as in the TB tests, despite the added rigidity and structural support of the double-
pendulum balance. This is not surprising if the effect is caused by vibration as explained in
Section 4.2.4, since DP1 has a similar reaction time and stiffness as TB2. The observations
are summarized in Table 27.
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The observations made with TB1, TB2 and DP1 lead to the conclusion that the forces
seen are linked with a vibrating object on the balances, as examined in the simulation and
discussion after the TB2 tests. Moreover, the drift observed in both TB2 and DP1 is not a
consequence of thrust, and could be explained by the stick-slip vibration of some part of the
test device or balance. The transient forces can be explained by the oscillation of the
piezoelectric actuator.

Finally, the sensitive thrust balance experiments resulted in a measurement resolution of
10 nN, despite the presence of significant vibration, and reject the claims made by the Mach-
effect theory and the thrust predictions made by Woodward [16].

Test Dummy METO05 Vibrometry
Variations Resistor (AC/DC) Electronics, mounting, Balance beam
Capacitor (AC) chamber pressure,
frequency, sweeps,
pulse length
Max. Measured 7.5 0.3 N/A
[uN]
Predicted 0.0 >1 N/A
[uN]
Observations e Drift =15 yN/min e Drift = 0.6 yN/min e Vibration peaks (30
Hz, 900 Hz) with a
¢ Off-center electric e Switching transients few nm in amplitude
contacts introduce
a force during DC o Effect observed in e Vibration increase at
voltage both 0° and 90° resonance
configurations

Table 27 — DP1 Test Results Summary
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5. Centrifugal Balance Experiments

5.1 Centrifugal Balance

As thrust was not detected using the MET experiments on double-pendulum and torsion
balances in vacuum, the next logical step to detect mass fluctuations was to pursue direct
centrifugal measurements of the transient mass, in an attempt to increase the measurement
resolution even further and remove the artifacts associated with vibration. By rotating a device
at high speed, its mass or any fluctuation in mass can be converted to a force and measured
using a piezoelectric transducer. The relation between mass and centrifugal forces is
demonstrated by Equation (95), where w is the rotation frequency, r the moment arm, and
m(t) the mass fluctuation. Then, the relation between the transducer signal and the mass
fluctuation is in the next equation, where V (t) is the measured signal and K the transducer’s
conversion constant:

F(t) = m(t) w?r : (95)
V(t)
m(®) = Kw?r (99)

Woodward was the first with the idea to use centrifuges to investigate mass fluctuations
with the centrifugal force as an amplification factor for weight measurements [96]. The
measurement of transient mass at the frequency required to drive a significant energy
fluctuation requires a linear transducer in the high-frequency range, as well as a good
calibration. This chapter presents a summary, analysis, and discussion of the tests performed
with the centrifugal balance (CB1) and rotating Mach-effect devices. The chapter is divided
into sections describing the experimental setup, the calibration process, the test results, and
the sources of error. The test results show the piezoelectric transducer signal V. for different
voltages applied to the test device V,;+ and balance rotation frequencies.

5.1.1 Description

A rotating system was designed and built by colleague Willy Stark to analyze mass
fluctuations with a piezoelectric force transducer, inspired by Woodward’'s rotating
experiment [96]. With the apparatus, a test device of up to 200 g could be rotated to a
maximum of 3600 rpm (60 Hz) with a rotation radius of 9 cm. With these parameters, the
maximal centrifugal acceleration reached around 1300g,. The apparatus consists of a
stainless-steel frame including two support bearings for the 17 mm diameter rotating shaft.
Rotation is imparted by a DC brush motor, HCP-1077 from Johnson Electrics. The motor
operates with a torque of 1.2 Nm and has a free rotation rate of 22000 rpm. During rotation,
170 W is supplied by a DC power supply. Mechanical rotation is transmitted with a 20:12 gear
ratio using a toothed belt. To reduce the noise coming from the DC motor 100 pF capacitors
were connected between the terminals. No significant noise was detected apart from EM noise
from the motor supply when turning the motor on. The rotating shaft is balanced using
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appropriate counterweights to avoid rotation eccentricity, which would increase signal noise as
well as the required torque. The rotation rate is calculated employing a photoelectric barrier
that faces a set of regularly spaced openings in a rotating disk affixed to the shaft. Power and
signal transmission to the device is achieved using a slip-ring, SNG012-12 from Senring, that
can be rotated up to 5000 rpm and through which 200 VDC can be transmitted. The slip-ring’s
axis was re-machined to ensure low eccentricity rotation. To protect the user, and eliminate
electric fields in the cage, a 3.5-mm thick aluminum cage was built around the apparatus.
Access to the device is controlled by a 10-mm thick acrylic plastic door, which is covered by a
metal grid. The grounded metal grid was found necessary to reduce EMIs between the acrylic
door and the data cables, by dissipating the charges generated in the dielectric material. The
CAD rendering and principle of the experimental setup are shown in Fig. 116.

Fig. 116 — CB1 CAD

left: isometric view | right: front view

In Fig. 117, the picture of the centrifugal balance shows the aluminum panels installed,
not shown is the 10 mm thick acrylic front panel covered by a metal mesh to protect the user.
The electronics in the right-hand diagram show the presence of the slip-ring and the DC motor
to power the rotation of the shaft. The rotating shaft and surrounding structure all need to be
grounded using the star formation to avoid electrostatic effects and EMI. It was discovered that
the ball bearings from the slip-ring do not reliably conduct electricity during rotation, and thus
the structure needed to be grounded through the slip-ring as well. The piezoelectric transducer
is isolated from the rest, ideally using an instrument amplifier to reduce its impedance and
make it less susceptible to noise. The electronic components used are the same as in the TUD
electronics for the thrust balance experiments in Chapter 4 and described in Chapter 3. The
amplifier is the bridge-mode amplifier from APEX and the oscilloscope and frequency
generator is the Picoscope for the CD01 tests. The Picoscope was replaced by the MFLI Lock-
in amplifier, in the same configuration as shown in the block diagram, for the tests performed
with CDO02 and further devices. Different filters were used in combination with the strain gauge
or sensor signal Vs, for instance FO1 with CD01, and these will be described in the individual
test sections.
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Fig. 117 — CB1 Picture and Electronics
left: CB setup picture | right: block diagram of electronics

5.1.2 Centrifugal Devices

The devices and tests performed on the centrifugal balance are summarized in Table 28.

Device Model Type Maker Year of Issue Te'::’s: R:::_: Resonances
CcDO1 Piezoelectric Woodward <2018 10 219 32, 39,55, 65
CD02 Capacitive Monette 2019 5 55 -
CcD03 Capacitive Monette 2021 7 289 —
CDO04 Inductive Monette 2021 6 372 97
CDO05 Piezoelectric Pl Ceramic 2020 20 360 65,111

Table 28 — Overview of CD

Below are descriptions and pictures of the Centrifugal Devices (CD) tested on the rotating
apparatus. As can be seen from Fig. 118 and Fig. 119, the devices CD01 and CD02 are
sandwiched between two aluminum plates using screws. This configuration makes the
calculation of the transducer’s coefficient a bit more complicated. The concept was changed
from CDO3 onwards, as seen in Fig. 120 and Fig. 121, where there is no parallel spring
connected to the transducer, except the electric cables connected to the device, which are
very compliant. The later designs make the conversion factor easier to calculate and the quasi-
static calibration less liable to deviations. CD05 is a piezoelectric stack actuator that was
designed and manufactured in collaboration with PI Ceramic GmbH, shown in Fig. 122.
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Fig. 118 — CD01 Construction
left: CDO1 picture | right: CDO1 sketch
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Fig. 119 — CD02 Construction
left: CDO2 picture | right: CD02 sketch
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Fig. 120 — CD03 Construction
left: CDO3 picture | right: CD03 sketch
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Fig. 121 — CD04 Construction
left: CDO04 picture | right: CD04 sketch
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Fig. 122 — CD05 Construction
left: CDOb5 picture | right: CD05 sketch

5.1.3 Predictions

According to the calculations and formulas based on Woodward’s theory [16] described
previously in Section 2.3.1, the predictions for the experiments as well as the main relevant
parameters are summarized in Table 29. The maximum power and mass fluctuations are
calculated at the resonance of piezoelectric devices, at the highest driving frequency for the
capacitive devices, and the lowest driving frequency for the inductive device. The best
measurement resolution is obtained at 60 Hz rotation, and the relation between the
measurement resolution and the rotation rate is quadratic. The measurement resolution was
obtained from the experiments. The values of the mass fluctuation and measurement
resolution were determined for the second harmonic frequency (twice the driving frequency).
Despite the presence of noise and a calculated uncertainty of 54% in the prediction as per
Section 3.1.9 for piezoelectric devices, the effect's upper limit reached a few orders of
magnitude below the predicted mass fluctuations. The results show that the mass fluctuations
were not detected by the apparatus. The uncertainty in the centrifugal experiments will be
estimated in the following sections.
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Device Device Driving Maximum Predicted Mass Experiment
Model Type Frequency [kHz] Power [W] Fluctuation [g] Upper Limit [g]
CDo1 Piezoelectric 15-40 90.0 0.7 1.2-1072
CDO02 Capacitive 30, 60 73.3 1.0 4.0-1073
CDO03 Capacitive 15-25 152.0 0.6 43-107°
CD04 Inductive 15-100 18.4 6.3-1073 4.2-107°
CDo5 Piezoelectric 50-70 90.0 2.6 47-1071

Table 29 — CD Mass Fluctuation Predictions

5.2 Transducer Calibration

This section describes the different methods for calibrating the force transducer. The
operation of force transducers in the high-frequency range is prone to error due to resonances
and the lack of non-intrusive calibration. Although the balance presents difficulties of calibration
and spurious signals, it is possible to apply any desired gain, allowing to simulate testing
conditions of microgravity (under 1G) to hypergravity (above 1G), in the direction perpendicular
to the rotation, depending on the rotation rate. To detect the mass change using such a setup,
strain gauges or piezoelectric load cells can be used. Strain gauges are superior in accuracy,
with a linearity of 0.01%, and are perfectly adapted for static forces [87,97]. Both types have a
ringing or resonant frequency that limits the application bandwidth, however, piezo-gauges can
have a rather high resonant frequency because of their stiffness [98]. Thus, this balance can
use a combination of both types of sensors to provide both advantages and offer a higher
resolution and a larger measurement bandwidth.

The calibration of the piezoelectric force transducer is a complex process that requires
different methods depending on the type of application. Current leakage in the piezoelectric
material limits the sensor’s static measurement capability and the appropriate conditioning
electronics only allow quasi-static measurement with an associated direct time constant [123].
The calibration method that allows the sensor characterization in the quasi-static domain, at
frequencies below 1 kHz, implies step and continuous loading with a mechanical press or
deposited weights method [98,124]. The quasi-static calibration results in lower accuracy in
the higher frequency domain. Therefore, an additional, dynamic calibration is required. Higher
frequency calibration methods include the impact hammer, impedance analysis, and
vibrometry [125,126]. The selected calibration methods use the piezoelectric force transducer
and an electromechanical press for the quasi-static calibration, and the dynamic calibration
uses a strain gauge in the central bolt of the piezoelectric devices. The strain gauge signal is
compared to the response signal of an embedded passive piezoelectric disk. Furthermore, the
resonance spectrum is examined regularly to observe the effect of rotation and pre-load on the
gauge response. Another possibility would be to use vibrometry analysis using a laser
interferometer, however, this method was not implemented. The results of the calibration as
well as the sensor parameters are summarized in Table 30.
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Device Sensor Disk Sensor Disk Conversion Piezo- Mass

Area [mm?] Thickness [mm] Constant [mV/N] material (]
CDO01 284 0.2 33.4 SM211 121.8
CDO02 79 1.0 21.4 PIC181 47.8
CDO03 286 2.0 195.9 PIC181 53.4
CD04 286 2.0 195.9 PIC181 96.3
CDO05 137 0.2 33.2 PIC155 38.2

Table 30 — CD Properties

5.2.1 Quasi-Static Calibration |

The conversion constants in Table 30 were obtained using the ElectroPuls E3000
electrodynamic testing machine from Instron. This method is called quasi-static because the
dynamic loading is performed at ultra-low frequencies up to 100 Hz. The devices were put
under load, the embedded piezo-sensor was connected to an oscilloscope. The Dynacell load
cell used, had a dynamic capacity of 5 kN, a linearity of 0.25% of reading, and a repeatability
of 0.25%, whereas the machine could be used up to 100 Hz with a dynamic load capacity of
3 kN. The stacks were tested under preload levels ranging from 100 to 500 N, the dynamic
force amplitude F; was also varied between 100 and 200 N, and the forcing frequency was
varied from 10 to 100 Hz. The setup is shown in Fig. 123, with CD02 in the machine clamps.

The results for devices CD01 and CDO02 are summarized in Fig. 124 for a forcing function
with an amplitude of 100 N. The conversion factor is calculated as the ratio of the transducer
or strain gauge signal Vs; over the input force F,;. Due to the current leaking of the piezoelectric
transducers, the conversion factor was under its nominal value for low forcing frequencies. As
the forcing frequency was increased, the measured piezo-sensitivity reached an asymptotic
value that was close to the calculated prediction for both devices. The error was estimated
using the last three data points, resulting in an averaged error of 3.8% for CD01 and 2.0% for
CDO02. This quasi-static calibration method was deemed conclusive for the low-frequency
range. The calibration method was not repeated for CD03, CD04, and CD05 and the
conversion constants were obtained from Equation (97), where t is the thickness of the sensor,
A the cross-section area and g3 the piezoelectric voltage constant in the thickness direction:

_ gsst

K
A

(97)
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Fig. 124 — Quasi-static Calibration Results for CD01 & CD02
left: CDO1 plot | right: CD0O2 plot

5.2.2 Quasi-Static Calibration Il

The second calibration method uses an embedded strain gauge in the central screw of
the piezoelectric stack CD05. The cylindrical screw strain gauges LB11 were graciously
provided by Hottinger Bruel & Kjaer along with experimental epoxy EP70 to fix them in the
screw without the appearance of bubbles during the curing process. To ensure proper
installation, thermal tests were conducted using the system shown in Fig. 125. The gauge was
implemented in a four-element Wheatstone bridge and the voltage was measured by a
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sensitive voltmeter (2405A Keithley). The resistors used had a resistance of 120 Q. The screws
and implementation with CD05 can be seen in Fig. 126. The gauge was calibrated by the
manufacturer and the specified sensitivity of 2.04 mV/um was used for all experiments.

Voltage | __________________.

Source ! Oven .

L | |

Wheatstone | | :

Bridge ' Strain |

l | Gauge .
Voltmeter : Thermocouple : Labjack

Fig. 125 — Strain Gauge Thermal Experiment Setup

M5 Srew

12

LB11

Fig. 126 — CDO05 and Cylindrical Strain Gauge for Central Screw

The screws were heated from room temperature to 70 °C at a rate of 5°C/min and then
cooled down to room temperature. The input voltage was 7 V and the strain S was calculated
from the measured output voltage V,, where K is the strain gauge constant, and V; the input
voltage:

S

Vo
§=—2 . (98)

~

The results are summarized in Fig. 127, where the screw strain is plotted against the
temperature and the supplier's data. The graphs show high hysteresis in the case of the
gauges in the stainless-steel screw and there is a large discrepancy between the gauges in
screws 1 and 2. These results indicate the effect of thermal expansion on the strain gauge. It
is to be concluded that the strain gauge in one of the stainless-steel screws was not properly
installed. Furthermore, the thermal expansion behavior is not linear due to the presence of
hysteresis. Fortunately, the temperature is not expected to vary as significantly during the
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experiments and is far from the same time scale as the vibration or energy fluctuation
happening at 50 kHz.
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Fig. 127 — Thermal Test Results
top: stainless steel screw comparison with supplier data (2 samples)
bottom left: aluminum screw data | bottom right: titanium screw data

Subsequently, a torque was imparted to the screws to examine the response to preloading.
Calculating the stress T in the screw from the cross-section area A;, the nominal screw
diameter D,,, the torque ¥ and an estimated torque coefficient K; of 0.2 for stainless steel:

v

T =
K:DnA¢

(99)

Calculating the strain S from the calculated stress U and the estimated Young’s Modulus:

(100)

In Fig. 128, the strain is plotted against the imparted torque. The curves obtained have
high linearity. The different slopes between the measured and calculated curves for the
titanium screw may be explained by a discrepancy in the estimated torque coefficient. Indeed,
titanium alloys have been found to exhibit a coefficient of friction of 0.25 to 0.3 in comparison
to the 0.5 to 0.6 of stainless-steel [127]. Thus, looking back at Equation (99), the coefficient of
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friction has a direct impact on the slope of the strain-torque slope. However, aluminum on
aluminum has a frictional coefficient of 1.05-1.35, whereas lubricated aluminum has a
coefficient of 0.3. It seems, in this case, that aluminum had a lower coefficient of friction than
titanium. This method was used to characterize the piezoelectric stack according to the pre-
load, as examined with resonance spectra in Section 3.1.7.
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Fig. 128 — Preloading Measurements vs Calculation
left: titanium screw comparison | right: aluminum screw comparison

Thus, the strain gauge could finally be used as a quasi-static calibration at low frequencies
if the driving frequency is under the resonance of the gauge. Another advantage of this
calibration is that it can be performed for different loading conditions, during rotation for
example. The results of the calibration are shown in Fig. 129 for different voltages without
rotation using CDO05, and the strain measured by the passive disk in the stack is converted to
the screw strain and compared to the screw strain measured by LB11 in the screw. The stack’s
transducer measurement was converted to strain in the screw using the fact that an internal
force will place the piezoelectric disks and the screw as springs in series instead of parallel,
and thus, the measured force in the stack is the same one acting on the screw. Both diagrams
show measurements of the screw strain with the applied voltage in the legend. For a driving
voltage of 20 V, the strain measured by the passive piezo-disk is comparable to the strain
measured by the screw in behavior, as the stack resonance can be seen in both measurements
around 55 kHz. Fig. 129 also shows that the resonance shifts to lower frequencies with
increasing driving voltage, as discussed by Uchino [101] in high-power applications. The
resonance that does not seem to shift with the level of stress at 65 kHz in the strain gauge
measurement is probably a resonance of the strain gauge in the screw. This method also
has limited accuracy at higher frequencies, due to strain gauge resonances, but it can be used
above 100 Hz and far from the screw gauge’s resonance, at most until 55 kHz. The resulting
deviation ranges from 500% away from the resonance to 12% closer to the stack resonance.
Apart from the strain gauge’s resonance, the larger discrepancy over the frequency range can
be due to the very small pV signal amplitudes measured in the Wheatstone bridge
configuration as a result of the small dynamic strain occurring in the stack.

Finally, these measurements show the accuracy limits of the quasi-static calibration and
force measurement methods using piezoelectric and strain gauges at higher frequencies.
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Fig. 129 — CDO05 Strain vs Voltage Sweep
left: screw strain measured from the stack transducer with 20 V in driving voltage |
right: screw strain measured from the screw gauge with different driving voltages

5.2.3 Dynamic Calibration

The dynamic calibration uses the method introduced in Chapter 3 and indicates the
presence of resonance and anti-resonance frequencies, but it only provides a relative
measurement. The transducer’s resonance spectra are shown below, where the vertical axis
stands for the ratio of the transducer signal to the commanded voltage. The results show
multiple peaks, anti-resonances, and some flat regions at lower frequencies. The resonances
are summarized in Table 28, indicating maximum energy transmission for piezoelectric devices,
but also, the regions of greatest distortion of the gauge calibration. Also important are the
stable frequency ranges, far from resonances or anti-resonances. Fig. 130 shows the unloaded
frequency spectra for devices CD01 and CDO02, Fig. 131 for CD03 and CD04, and Fig. 132 for
CDO05, without balance rotation and at very low voltage. The spectroscopy is also useful to
demonstrate the effect of rotation on the location of the resonances. The sensitivity could be
increased in the neighborhood of the resonances, however, since the relationship between the
sensor sensitivity and the voltage ratio is not exactly known, the quasi-static conversion
obtained through calculation and measurement in Section 5.2.1 is assumed constant for the
whole frequency range. The limits of this assumption have already been examined in
Section 5.2.2.
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left: CDO3 spectrum | right: CD04 spectrum
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5.3 Centrifugal Balance Test Results

5.3.1 Characterization

Standard tests were conceived to characterize the centrifugal balance, and the
transducer’s signal V5, was examined. In the first series of tests, a simple mass was equipped
with a piezoelectric force transducer and rotated at a given frequency. The centrifugal
acceleration was measured using the photoelectric sensor and the signals of the piezoelectric
transducer were also examined. The histogram in Fig. 134 shows the angular frequency
measurement from the photoelectric sensor at 60 Hz, showing a normal distribution with a
standard deviation of 0.3 Hz. The right-hand diagram shows the transducer signal Vs without
any applied voltage V,,r, to analyze the noise in the setup. The effect of rotation on the sensor
response was examined at different angular frequencies. A lock-in frequency sweep was
performed without applying any power to the test device.
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Fig. 134 — 60 Hz Rotation Measurement Fig. 133 — Noise Characterization at 0 V

Fig. 133 shows the presence of eccentricity and other distortions towards the lower end
of the spectrum. Moreover, the increase in frequency entails an increase in the measured
background noise level across the whole spectrum. Cross-talk measurements without rotation
indicate the influence of EMI between the driving signal and the transducer signal. However,
this behavior is unique for each individual device and must be analyzed for each one.

5.3.2 CDoO1

The test results for CD01, a piezoelectric device, show the transducer signal for different
applied voltages and rotation rates in Fig. 135. The measurement on the left, shows the linear
response to the driving voltage (1w), and the diagram on the right shows the second harmonic
response (2w) for the corresponding driving frequency. In the following diagrams, the y-axis is
always the transducer signal amplitude V;; and the x-axis is the driving frequency. The
measurement presented a few challenges, one being the piezoelectric vibration in the
longitudinal axis, the same axis where the transient mass is measured. Since the expected
transient mass signals should occur at twice the driving frequency, the effect is hardly
distinguishable from nonlinear vibrations occurring as the second harmonic effect discussed
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in Section 3.1.1. The tests have yielded interesting nonlinear signals and other spurious effects
at subharmonic frequencies of the sensor’s resonances, as can be seen in the left-hand
diagram of Fig. 135. The results show a force measurement dispersion equivalent to a few
milligrams around the resonances, with a nonlinear dependence on the rotation. The tests also
show the presence of a few parasitic modes of vibration that limit the sensor’s precision. These
tests used a filter, 7"-order Chebyshev band pass filter with a center frequency of 40 kHz, to
amplify the second harmonic of the measured transducer signal. The filter’'s Bode plot can be
found in Fig. 136. The results show the resonance frequencies and the nonlinearity of the
device. The nonlinearity comes from the poor construction using several bolts and asymmetric
loading, as well as the high-voltage driving of the device. The amplitude of the second
harmonic transducer signal varied by around 10 mV at the resonances of the device, which
resulted in a measured mass fluctuation of 12 mg, more than an order of magnitude below the
prediction of 700 mg. To obtain this result, the sensor’s sensitivity at low frequencies was used
in the flat region at the lower end of the device’s frequency spectrum.

35 0.06 -*é ””””””””””””””””””””””””””””” 1

w —O0Hz || |

30F —10 Hz i
0.05 30Hz|| |

250 60 Hz| |
s 20.04 I i
g2 g |
2 20.03 h ‘
B 15" [ ‘
g 15 2 / |
< 0 <0.02" / ‘ b
‘ a

I |

5" 0.01+ JJ\J J ;g;/ ]
kA i

ot 0¥ \_-J/.k”f"'. ‘-’-"‘TM J
20 20 25 30 35 40

Driving Frequency [kHz] Driving Frequency [kHZz]

Fig. 135 — CDO01 First and Second Harmonic Spectra
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5.3.3 CDO02

CDO02 is a capacitive device that is sandwiched between aluminum plates. The pre-
stressed configuration of this device made the conversion factor more difficult to calculate, but
the device was also calibrated using the electrodynamic test machine to obtain an accurate
sensitivity at low frequencies. Furthermore, this device’'s resonance spectrum did not contain
huge resonances to distort the signal over the frequency range of interest. The plots in Fig.
137 show the results in the form of a Fourier transform of the transducer signal Vg; when
driving the capacitor with a fixed frequency of 60 kHz and a voltage of 180 V. Both plots show
the same waveform, but different portions of the frequency spectrum. The discrepancy
between the signals at 0 and 60 Hz can be explained by distortion through the rotation at low
frequencies, whereas the high-frequency discrepancies are minimal and represent the
transient mass measurement resolution. At 120 kHz, the discrepancy is about 330 pyV and this
resolution is more than three orders of magnitude below the predicted effect. Here as well,
higher-order components can be seen to represent the nonlinearity present in the electrical
system. This experiment can be improved by using more accurate instruments.
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Fig. 137 — CD02 DFT Gauge Signal Comparison with Rotation
left: broader frequency range | right: narrower frequency range
5.3.4 CDO03

Fig. 138 shows the test results using CDO03, the next generation of capacitive devices. In
this case, the calibration is easier to calculate since there are no springs connected in parallel
to the sensor, and a lock-in amplifier (MFLI, Zirich Instrumente) was used to examine the
transducer signal. The diagrams show the sweeps performed with the lock-in frequency being
the same as the driving frequency (1w) on the left, and the lock-in frequency being double the
driving frequency on the right (2w). The graphs show the increase in transducer response with
increasing rotation frequency, and also the presence of peaks at device resonances. The
transient mass measurement resolution, in this case, is 0.1 mg, three orders of magnitude
below the 0.6 g prediction. The cross-talk measurements are performed when driving a
maximum voltage amplitude of 180 V to the capacitor without rotating the apparatus. The noise
was already shown for different angular frequencies in the previous sub-section. Reducing the
cross-talk implies using an instrumentation amplifier to reduce the impedance of the transducer.
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The left-hand figure shows the transducer signal at the driving frequency, and the right-hand
figure shows the transducer signal at the second harmonic frequency, with the driving
frequency as the x-axis in both cases. The experiments were repeated using differential
measurements, and better grounding, to improve the resolution by one order of magnitude.
The experiments were also repeated using a 1:1 buffer amplifier based on INA217 to reduce
the output impedance between the transducer and the slip-ring before going to the
oscilloscope; however, the resolution could not be improved further.
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Fig. 138 — CD03 Frequency Sweep vs Rotation Rate
left: first harmonic content | right: second harmonic content

The next results were obtained to examine the level of EMI or cross-talk between
transducer and DUT. The diagram on the left of Fig. 139 represents the DFT of the cross-talk
for different driving voltages at a fixed driving frequency of 20 kHz and without rotation, and on
the right, the DFT of the cross-talk at maximum rotation.
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Fig. 139 — CDO03 Fixed Frequency Cross-Talk Tests vs Voltage
left: 0 Hz rotation | right: 60 Hz rotation

Fig. 139 shows the presence of significant EM between the cables conducted through the
slip-ring, even without rotation, but also the increase in noise while rotating the apparatus. The
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cross-talk between cables in the slip-ring cannot be circumvented by better instruments.
Furthermore, the increase in noise resulting from high-rate rotation can be seen even without
the application of voltage. The legends in the diagrams show the driving voltage of the DUT.

In Fig. 140, the figure on the left shows the cross-talk DFT at maximum driving voltage for
different rotation frequencies for a fixed capacitor driving frequency of 20 kHz. The figure on
the right is for examining the repeatability of the measurements. On the right, the discrepancy
in signals of different runs performed with the same driving conditions is on the order of 1 mV
at lower frequencies, and 0.1 mV at higher frequencies. These results show that the
experiments are repeatable and the given measurement resolution is very stable.
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Fig. 140 — CDO03 Fixed Frequency Tests with Rotation Rate
left: 180 V driving voltage at various rotation rates | right: 180 V driving voltage, repeatability tests at 0 Hz rotation

5.3.5 CD04

The test results for experiments performed with CDO04, the first inductive device consisting
of copper wire wrapped around a toroidal core, are shown in Fig. 141. Two different cores were
tested: the first set of results was obtained with the iron core with a higher magnetic
permeability and inductance, and the second set with the Teflon core with a relative
permeability of about 1. The first tests only reached an angular frequency of 30 Hz, due to the
weight and high stress on the piezoelectric transducer that resulted in a mechanical failure,
whereas the tests were repeated using a Teflon core, reaching a maximal angular frequency
of 50 Hz. The results at 30 Hz rotation were affected by the cracking of the piezo-ceramic
during rotation, as can be seen from the increased noise amplitude. The tension and shear
loads at high rotation were too large for the construction. In the next diagrams, the x-axis shows
the driving frequency and the y-axis shows the amplitude of the first-harmonic (1w) and
second-harmonic (2w) transducer signal amplitude, V.
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Fig. 141 — CD04(Fe) Sweep vs Rotation Rate

left: first harmonic content | right: second harmonic content

With the Teflon core, the experiment just weighed 96.3 g, had an inductance of 2.9 uH,
and increased the prediction to 6 mg. Fig. 142 shows the first harmonic transducer signal on
the left and the second harmonic transducer signal on the right. The figure on the right
demonstrates a measurement resolution below 100 pV when comparing 0 and 50 Hz signals.
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Fig. 142 — CD04(T) Sweep vs Rotation Rate

left: first harmonic content | right: second harmonic content

In the new test series with the Teflon core, the setup was also modified with the 1:1 buffer
amplifier based on IC INA217 to reduce the transducer’s output impedance and limit signal
distortion due to external effects, for example, due to rotation at different rates. The lower level
of noise and increased resolution can be observed in Fig. 143. The buffer amplifier seems to
have affected the first harmonic frequency results, but also to have led to an increase in noise
at the higher end of the spectrum when analyzing the second harmonic signal illustrated on
the right. The measurement resolution was not improved with this method.
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Fig. 143 — CD04(T) Sweep vs Rotation Rate with Buffer Amplifier
left: first harmonic content | right: second harmonic content

5.3.6 CDO05

The tests performed with piezoelectric CD05 are summarized in Fig. 144. The titanium
end pieces and titanium screw were used and the 3.8 MPa pre-load of the central screw was
controlled using a torque wrench calibrated using the strain gauge. A difference of about
200 mV in the second harmonic content can be seen at the resonance peak around 59 kHz
when comparing maximum rotation (60 Hz) to no rotation. This result represents a
measurement of 0.4 g, an order of magnitude below the prediction, assuming that the sensor
sensitivity is invariant over the frequency range. Of course, if the sensitivity of the sensor is
increased in the neighborhood of the resonance, then the measurement resolution can only
improve.
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Fig. 144 — CDO05 Frequency Sweep vs Rotation Rate

left: first harmonic content | right: second harmonic content
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5.4 Discussion & Error Analysis

Different experimental artifacts can explain the measurements obtained above. For
piezoelectric devices CD01 and CDO05:

e The longitudinal vibrations and nonlinearity are most likely causing the first and second
harmonic components that can be seen in the analysis of piezoelectric devices.

As already discussed, nonlinearity in piezoelectric devices includes electrostriction,
piezoelectric, dielectric, and mechanical nonlinearity [102]. The nonlinearity can be observed
by examining the second harmonic gauge signal at higher voltage levels without rotation. The
high centrifugal acceleration has a significant impact on both first and second harmonic
piezoelectric responses, since these depend on the material properties and stress conditions
that inevitably vary during rotation. Unfortunately, the piezoelectric nonlinearity could not be
reduced with the central bolt design and the DC bias driving of CD05 when compared to CDO1.

o Faster rotation brings in additional noise and distortions over the entire frequency
spectrum.

This has been observed for all the different devices. At higher rotation rates, large noise
peaks appear below 1 kHz. These could be due to faulty contacts from the brushes in the slip-
ring occurring at multiples of the rotation frequency and linked to increased resistance and
heat generation. The background level of noise also increased over the whole spectrum with
the rotation and can be related to a decrease in the slip-ring conduction at higher rotation
frequency and increased temperature according to Ohm’s law.

e Grounding helps to reduce the noise, but only for certain frequency components.

Grounding the device didn’t change the value of the measured second harmonic cross-
talk, however, it affected the measurement of the first harmonic cross-talk. The reasoning
behind this can be attributed to the nature of the observed effects, since cross-talk between
the power signal and the gauge signal should be affected by grounding, but the nonlinear
mechanical or piezoelectric response might not. This indicates that the first harmonic signal is
largely influenced by cross-talk.

o Differential measurement helps to reduce noise, but only for certain frequency
components.

The differential measurement didn’t change the value of the measured second harmonic
cross-talk, however, it did affect the measurement of the first harmonic cross-talk. The same
reasoning should apply here since the second harmonic component is dominated by nonlinear
effects that are separate from the EMI of the power signal.

¢ Adding a buffer amplifier reduced the noise level in a certain frequency range.

The buffer amplifier reduces the output impedance of the piezo-transducer to limit the EMI
between the cables. However, the buffer amplifier also added sharp peaks and white noise at
higher frequencies. The influence of the lower output impedance at higher frequencies should
be examined separately.

e The calibration still lacks accuracy for high rotational velocity and at high frequencies.
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Quasi-static calibration method #1 with the electrodynamic test machine first provided
accurate measurements in agreement with the calculations at low frequencies. Quasi-static
calibration #2, however, already showed the limitations in the range from 20 to 50 kHz in the
measurement deviation of 500% when comparing the screw and stack gauge measurements
of the strain. In these measurements, an additional problem arose due to the existence of the
screw gauge’s resonance. Indeed, the resonances of the elements connected to any sensor
in the stack can affect its mechanical properties and the calibration factor as well. Furthermore,
the resonance shifts due to hysteresis, heat generation, and the changing stress conditions
due to rotation during experiments made it harder to obtain an accurate calibration in the
neighborhood of the resonances. These resonance shifts were observed in the analysis of the
stack gauge’s measurements for different rotation frequencies and driving voltages over the
whole frequency spectrum. However, the embedded gauge signal only provided a relative
measurement and no absolute measurement of the strain. Despite the observed gauge signal
fluctuations, the strong dependence on the rotation frequency as predicted by the Mach-effect
theory was not observed.

Finally, even if the upper limit of the measured effects falls below the predictions by one
to four orders of magnitude, depending on the device type, a higher resolution with better
stability and accuracy in the measurements is desirable. A new centrifugal balance design will
have to rely on a calibration that is separate from the mechanical structure and can take into
account the changing load conditions due to rotation, such as a laser interferometer.
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6 Conclusions

6.1 Research Summary

This thesis represents the results of an experimental team effort to discover breakthrough
propulsion for interstellar travel; propellantless propulsion with a significant thrust-to-power
ratio to markedly reduce the demands of interstellar space voyages. More specifically, the
objective was to detect the presence of mass fluctuations predicted by the Mach-effect as
derived by Woodward, either indirectly through thrust balance measurements or directly using
centrifugal mass measurements. The work required mechanical and electrical engineering
solutions to increase the resolution and reduce experimental artifacts in the measurement of
these forces. It also required a good understanding of piezoelectric systems that are the basis
of the MET and sensing devices to ensure the right conditions for resonant driving.

Chapter 1 first listed the shortcomings of conventional propulsion and set an order of
magnitude on the requirements for interstellar travel. Then, it addressed known problems in
physics to set the path toward breakthrough propulsion using mass fluctuations. Chapter 2
critically examined Woodward's Mach-effect theory [16], the mass-fluctuation propulsion
concept, experiments conducted by different groups [24,80], and the thruster design in detail.
The analysis identified some critical points that pointed towards possible improvements for the
experiments and later led to the design of a piezo-actuator with a unique resonance frequency
and fewer parasitic resonances. The potential and limitations of transient mass and force
measuring instruments and sensing technologies were also assessed.

On the experimental side, the electromechanical characterization was first important to
describe the piezoelectric test devices and understand their behavior in different driving
conditions. The descriptions in Chapter 3 led to simulations and predictions of the thrust to be
observed on the balances, which included a strong correlation of the predicted force with
voltage, driving frequency, and actuation nonlinearity. Impedance spectroscopy and circuit
modeling showed that the quality and location of the electromechanical resonances depended
on a lot of factors to be considered in the experiments: the amplifier electronics, the stack pre-
stress, the voltage level, the temperature, and the mounting. The characterization of the torsion
balances (TB1, TB2) and the double-pendulum balance (DP1) was also necessary to
understand their performance and response to the presence of pulsed forces, vibration,
heating, and electromagnetic interaction (EMI). In Chapter 4, the thrust balance tests
regrouped all MET tests performed on TB1, TB2, and DP1 in vacuum to reduce artifacts linked
with the interaction with the residual atmosphere in the chamber. The tests with TB1, which
included METO03, MET04, a magnetostrictor, resonance tracking, and mixed-mode driving,
showed that the force measurements remained under 1 pN, despite predictions of a few mN
and claims of up to 200 uN of thrust. The observation of experimental artifacts linked with EMI
in the dummy resistor and MET tests led to the need for an improved balance with better
electromagnetic shielding and resolution.

The results from MET tests on TB2 and DP1 showed the presence of short force peaks at
switch-on and switch-off of the power to the MET, also observed by Woodward; the pulses
were exact opposites of each other in direction. These switching transients, however, were
observed in all thruster orientations with the same order of magnitude, between 0.1 and 0.3 pN,
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regardless of the mounting with yoke or copper block, amplifier electronics with transformer or
without, single or mixed sinusoidal driving signals, and they were observed for different driving
frequencies. The experiments also showed the presence of a drift in the balance response,
with the drift direction being independent of the thruster orientation on the balance. Extensive
dummy tests on TB2 excluded the effect of EMI or heating as an explanation for that drift.
Observing the loosening of the screws in the MET devices after experiment runs, brass powder
in the experiment box and increased balance beam vibration around the resonances hinted at
significant vibration being transmitted from the piezo-actuator to the balance. The connection
between the high-frequency device vibration and the low-frequency effects observed was
explained using a simple spring-mass model of the balance and appropriate forcing function.
These observations led to the conclusion that the typical thrust trace observed in Woodward’s
MET experiments [16] is a result of vibration on the torsion-spring balance.

Chapter 5 was an attempt at a direct mass fluctuation measurement using a unique type
of balance relying on centrifugal acceleration. This measurement method had the advantage
of circumventing the need of synchronizing mass fluctuations with an oscillating acceleration
and excluding the low-frequency vibrational artifacts present in the thrust balance experiments.
The direct measurement of mass transients was made, in principle, using the conversion of a
mass to a force through centrifugal acceleration and detecting high-frequency variations of this
force with an embedded piezoelectric sensor. The devices included capacitive (CD02, CD03),
inductive (CDO04), and piezoelectric devices (CD01, CD05) and were subjected to sinusoidal
voltages in the frequency range between 20 and 100 kHz to generate energy fluctuations.
During the application of voltage, the test devices were rotated with an angular frequency of
up to 3600 rpm, which represented an amplification of the force measurement by a factor of
up to 1300 times the gravitational acceleration on Earth.

The calibration of the piezoelectric transducer was done using an electrodynamic press,
a screw strain gauge, and resonance spectroscopy. The quasi-static calibration methods were
accurate at low frequencies but presented some limitations at higher frequencies, as
demonstrated by the strain gauge experiments. Nonetheless, even considering a discrepancy
of up to 500 % in the driving frequency range, the measurement resolution was increased to
exceed the predicted value for the mass fluctuations by one to four orders of magnitude,
depending on the device type. The measurement of forces in the neighborhood of the device
resonances has even been shown to increase the sensitivity of the force transducers, and the
quadratic dependence of the force to the rotation frequency was not observed in any of the
experiments. Hence, these observations rule out mass fluctuations as predicted by
Woodward’s Mach-effect derivation [62].

The main points of the thesis are summarized below:

e Developing space propulsion to escape the rocket equation is vital to the successful
venture of humans to the stars. Woodward’s claims and Mach-effect theory suggest
the existence of groundbreaking physics useful for interstellar space propulsion.

e Thrust balance experiments with the MET show the presence of spurious effects in the
form of convective, thermal, vibration, and electromagnetic artifacts. Improvement in
the double-pendulum and torsion balance experiments led to the elimination of
convective, thermal, and electromagnetic artifacts. Vibrational artefacts could not be
eliminated and thrust according to the theory derived by Woodward was not observed.
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e Experimental efforts with a centrifugal balance to measure mass fluctuations presented
mitigated results. Despite an accurate calibration of the piezo-electric sensor in the
quasi-static regime, larger discrepancies were observed in the frequency regime of
interest. Nevertheless, the results show experimental artifacts a few orders of
magnitudes lower than predictions using the Mach-effect theory and the quadratic
dependence of the effects on rotation is absent.

Thus, the experiments described in Chapters 4 and 5 did not lead to the observation of
Mach-effect thrust or mass fluctuations in the order of magnitude and behavior predicted from
Woodward’s derivation and experimental claims. Instead, the typical force signals obtained in
Woodward’s experiments can be explained by experimental artifacts.

6.2 Further Research

Mass fluctuations can be very promising for space propulsion and increasing the
measurement resolution and reducing experimental artefacts even further is the proper way to
their detection. However, their usefulness becomes questionable if the propulsion method is
equal or worse than classical photon thrusters in terms of thrust-to-power ratio. Increasing the
accuracy of torsion balances can be reached using springs with even lower torsional stiffness.
The accuracy of the centrifugal balance can be improved by increasing the rotation speed or
arm length, reducing the rotation eccentricity and friction, and improving the sensitivity of the
piezoelectric transducer or strain gauge. However, increasing the resolution alone is not
sufficient, due to the presence of experimental artifacts. Increasing the chance of detecting
mass fluctuations also relies on reducing noise, for example by decoupling the transducer
signal from the power signal on the centrifugal balance or moving to laser interferometry for
force detection. Proper vibration damping on the balances could also help reducing vibrational
artifacts. However, damping the acoustic waves coming from piezoelectric actuators
represents a difficulty because of the high frequency at which they occur and the constant
change of the impedance and dynamic test conditions. Electromagnetic shielding can also
always be improved to reduce cross-talk noise between test device and transducer. Lastly,
another way to increase the chance of detection would be to increase the mass fluctuation
effect. An obvious way of doing so is to increase the transmitted energy and dimension of the
actuator, which is only realizable with greater financial means. The author used the maximum
output power of the amplifiers available within the SpaceDrive project. One could also vary the
nature of the energy fluctuation and examine its dependence on power and wavelength. The
next step would be to increase the driving frequency to above 100 kHz, however, this would
require completely new equipment and sensors, significant financial means, and a new set of
characterization methods. In the end, the quest for breakthrough propulsion must
simultaneously rely on a continuous effort to explore the limits of measurement resolution and
the evolution of our theoretical understanding of physics.
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Appendix A

Fig. 145 — Pictures of MET01 & METO02
left: METO1 | right: METO2

Fig. 146 — Pictures of MET03 & MET04
left: METO3 | right: MET04

Fig. 147 — Pictures of MET05 & MET06
left: METOS | right: MET0O6

140



APPENDIX B

Appendix B
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Fig. 150 — DP1 METO03 TUD Fixed Frequency Test Runs

left: individual run #1, 90° configuration | right: individual run #2, 90° configuration
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